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SUM M ARY.
The quantum  confined Stark effect (QCSE) has been studied in multiple 
quantum  well GaAs/AlGaAs, with a large electric field (1 0 5V/cm) applied in a 
direction norm al to the plane of the wells, concentrating on the associated 
electro— absorption and electro— optic effects a t wavelengths close to the excitonic 
absorption edge. T he electro—optic effect has been resolved into two com ponents: 
the linear electro— optic (LEO ) effect and electro— refraction  which manifests as a 
quadratic electro—optic (Q E O ). T he LEO has been shown to be quantitatively very 
similar to bulk GaAs. T he LEO  coefficient r 6 3=  — 1.75x10“  1 2cm /V in M QW  with 
8 .5nm  wide wells and barriers for light polarised parallel to the plane of the wells 
and shows no wavelength dependance for photon energies in the range 105meV to 
34meV from  the excitonic absorption edge. T he effect*sabsent for light polarised 
perpendicular to the plane of the wells. T he Q E O , however, is seen to be very 
d ifferent to  th a t observed in bulk GaAs, with the Q E O  dom inating the 
electro— optic effect. T here  is an increase in the Q E O  coefficient s 3 3 of two 
orders of m agnitude, from  lx l0 — 2 0 m 2 /V 2 to 140x10“  2 ° m 2 /V 2 over the range of 
wavelengths from  105meV to 34meV below the lowest energy exciton. Below the 
band gap, the Q E O  is dom inated by the Stark shift of the lowest energy exciton.
Stripe waveguide m odulator devices in M QW  GaAs/AlGaAs m aterial com patible 
with integration of diode lasers have been fabricated. A directional coupling switch 
in M QW  GaAs/AlGaAs m aterial has allowed the enhanced electro— optic effect in 
the m aterial to be utilised, w ithout experiencing the large electro— absorption in the 
m aterial associated with the Q C SE. T he device operates at low voltages («4volts) 
and can give an on/off ratio of 30dB. P hotocurren t spectroscopy on samples have 
shown a shift of the e l —hhl and e l —lhl exciton transitions which is quadratic 
with electric field strength and dem onstrated the dom inance of forbidden transitions 
in the absorption spectrum  at large electric field strengths.
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C hap ter 1 
IN TR O D U C TIO N .
P resent optical fibre com m unication systems operate  a t speeds in excess of 
200M Hz by m odulating the output of the light source, a laser diode. Although 
acceptable m odulation is achieved using this m ethod it is not the ideal m ethod. 
T his is partly  because am plitude m odulating the laser diode leads to frequency 
m odulation (otherw ise known as chirp) in the laser output, which is undesirable in 
spectral regions where the fibre has non zero dispersion. For coherent 
com m unication systems, a well defined laser frequency and narrow  line width is 
required  and  the laser is best operated  c.w . with an external m odulator.
T he desire to im prove the operating  capabilities of fibre optic com m unication 
systems and develop the technology of in tegrated  optics has generated a great deal 
o f in terest in the optical properties of m ultiple quantum  well (M QW ) m aterial. The 
2  dim ensional density of states of the m aterial and the presence of ex c itonsa t room  
tem peratu re  leads to a steep optical absorption edge in the m aterial, which is 
advantageous to the perform ance of absorption m odulators. Also, the enhanced 
e lectro— optic and electro— absorption effects exhibited as a result of the quantum  
confined Stark effect (QCSE) have potential for the developm ent of electro— optic 
devices. Devices of interest include am plitude m odulators which utilise the enhanced 
elec tro— absorption, allowing the laser to be operated  c.w . This rem oves the 
problem  of chirp  in the diode laser ou tpu t, allowing the data rate in fibre systems 
to  be increased. The enhanced electro— optic effect can also be utilised in phase 
m odulators, which have applications in coheren t com m unications.
H ow ever, in an absorption m odulator, the large refractive index changes (An) 
associated with the changes in absorption (Aa) introduces its own com ponent of 
chirp  in the propagating pulse. Conversely, the Aa associated with the An in the 
phase m odulators leads to am plitude m odulation in the phase m odulated signal. The 
e lectro— absorption and electro— refraction experienced in M QW  waveguide devices 
therefo re  have to be fully characterised in order to develop external m odulators.
In the work presented in this thesis, both electro— absorption m odulator and 
phase m odulator devices have been studied in a stripe waveguide configuration which 
is com patib le  with present laser diode and fibre optic systems. Present epitaxial 
techniques of III— V sem iconductors are m ost advanced in the AlGaAs m aterial and 
although the operating wavelength does not coincide with the low loss and low
1
dispersion wavelengths of 1.3/im  (which is used in present optical fibre 
com m unication systems) and 1.55/un (which is a t presen t being considered for the 
next generation of fibre systems), devices have potential applications in short 
distance com m unication such as data transfer betw een boards or com puter networks. 
The aim of this work has been to characterise both electro— absorption and 
electro— refraction  in M QW  GaAs/AlGaAs stripe waveguides a t wavelengths close to 
the excitonic absorption edge.
T he structure of the thesis is set out below. T he basic optical properties of 
M QW  G aA s/A lG aA s are discussed in chap ter 2, concentrating  on the excitonic 
effects and the effect of an electric field on the optical properties of the m aterial 
which were exploited in waveguide devices. T he design of the waveguide structures, 
characterisation  of the grown wafers and fabrication of the active stripe waveguides 
is described in chap ter 3. Investigations of the e lectro—absorption and electro—optic 
properties of M QW  GaAs/AlGaAs waveguide devices are described in chapters 4 
and 5 respectively. T o take advantage of the enhanced e lectro—optic effect in the 
M QW  m aterial, as dem onstrated in chapter 5, Ln electro—optic directional coupling 
switch was designed. T he device operation , fabrication and characterisation are 
p resented  in chap ter 6 . A conclusion of the m ain results is given at the end of 
each chap ter. How ever, general concluding rem arks and recom m endations for 
further work are presented  in chap ter 7.
2
C hapter 2
M U LTIPLE Q U A N TU M  W ELL STR U C TU R ES.
Section 2.1 IN TR O D U C TIO N .
This thesis reports on an experim ental study of the electro— optic properties of 
m ultiple quantum  well (M QW ) G aA  /AlGaAs waveguides. Before describing the 
specific waveguide devices and electro— optic effects being studied, this chapter gives 
an introduction to the optical p roperties of quantum  well structures in III— V 
sem conductors, concentrating  on the GaAs/AlGaAs system and properties relavent to 
the experim ental work carried  out. To begin, the band structure of bulk GaAs 
m aterial is studied in section 2 . 2  before discussing the optical properties of multiple 
quantum  well m aterial. T he m odel for a single, finite potential well is presented, 
followed by a discussion of the optical absorption of quantum  well GaAs/AlGaAs 
m aterial. W ithin the discussion, the excitonic features and effects of the band 
structure of GaAs on the m aterial properties are discussed.
The electro— optic devices studied in this thesis are based upon the quantum  
confined Stark effect (Q CSE) [M iller et al ’84], an effect observed in quantum  well 
m aterial when a large D .C . electric field (1 0 5V/cm) is applied to the quantum  well 
layers. T he Q CSE is discussed in section 2.4 and fi nally the associated 
electro— optic effect as applied to III— V m aterials is discussed in section 2.5
Section 2 .2  BAND STR U C TU R E O F  G A LLIU M  A RSEN ID E.
As a d irect band— gap III— V sem iconductor, G allium  A rsenide (GaAs) has 
becom e an im portan t m aterial in optoelectronics. This section gives a brief 
description of the band structure of GaAs, concentrating on the features that are 
of im portance to the optical properties of the m aterial. T he band structure of 
GaAs obtained from  a pseudopotential calculation [Chelikowski e t al '76] is shown 
in figure 2 .1 .
The m ost im portan t feature of the band structure of GaAs in term s of its 
optical p roperties is the coincidence of the minim um  of the conduction band (T 6 
point) and the maxim um  of the valence band ( r e point) at k = 0 ,  making GaAs a 
d irect band gap sem iconductor. T he conduction band of GaAs is a non degenerate 
band (excluding spin) and also parabolic and isotropic near k=  0. Thus the energy 
of the band, m easured from  the top of the valence band, as a function of k is:
3
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Figure 2.1
Band structure o f Gallium Arsenide, showing the conduction band (cb), 
heavy hole (hh) and light hole (lh) valence bands and the split-off (so) 
band.
K2k 2
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w here eg is the band gap energy, IT is Plank's co n stan td iv id ed  by 2 tt and m* is the 
electron  effective mass given by:
•k 1  d 2 € . ~ .
K 2 d k 7  ( )
Because of the parabolic nature of the conduction band, the effective mass of 
electrons near k=  0 can be considered to be constant. Away from k=  0, the band 
becom es non parabolic and there  are o ther m inim a at the edge of the Brillouin 
zone a t the L and X points. These m inim a have higher energies than the r 6 
m inim um  in GaAs. However, as a general trend  in III— V sem iconductors, the 
heavier the cation, the m ore likely it is to find the conduction band m inim um  at 
the  T point [Bastard '8 8 ]. T hus, inclusion of Al in the Ga sites form ing 
G axA l j _ xAs lifts the T 6 m inim um  relative to the X m inim um , such that for 
x = 0 .4 1  the m aterial becomes indirect [O elgart et al ’87].
T he band structure of the valence band of GaAs is m ore com plicated than the 
conduction band. In the absence of spin—orbit coupling, the valence band is 
6 —fold degenerate (including spin). O f these 6  states, four have total angular 
m om entum  J =  3/2 and z com ponents J z=  ±3/2 and J z=  ±1/2 and the rem aining two 
have J = l / 2  and J z=  ±1/2. T he la tter band is depressed in energy by an am ount 
A 0 relative to the J =  3/2 bands due to spin—orbit coupling, giving rise to the 
split—off (so) band ( T 7) which lies 350m eV below the r e m aximum [Pankove ’71]. 
T he two J =  3/2 bands rem ain degenerate a t k=  0, but are non— degenerate at k;*0 
because of the d ifferent band curvatures. These d ifferent band curvatures in turn 
lead to different effective masses for holes in the two bands. The ±3/2 band, 
having the sm aller curvature, is refered to as the heavy hole (hh) and the 
J z=  ±1/2 band is refered to as the light hole (lh).
T he dispersion of the valence bands are o ften  approxim ated to being parabolic 
near k = 0 , though in reality they are highly non parabolic even close to k= 0  
[Bastard e t al ’8 6 ]. However, within the parabolic band approxim ation, the carriers 
in the hh and lh bands are assigned effective masses as sum m arised in table 2 . 1  
[Thom as e t al '8 6 ]:
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Band E f f e c t  i v e  M ass
C o n d u c t io n r 6 0 . 067m0
Va 1e n c e hh 0 . 4 7  m0
V a1e n c e lh 0 . O82m0
V a l e n c e so 0 . 1 6  mQ
T able 2 .1 : Effective mass of carriers in the bands of GaAs.
It is worth while noting that these effective mass values refer to the values 
associated with m otion in the crystal direction [1 0 0 ] and tha t for m otion in the 
pependicular direction the effective mass of the hh is in fact less than that of the 
lh.
Section 2.3 Q U A N TU M  W ELL M O D ELLIN G .
Section 2.3.1 F in ite  P o ten tia l W ell.
T o in troduce the ideas of m ultiple quantum  well structures in III— V 
sem iconductors, it is useful to begin by discussing the solutions to the time
independent Schroedinger equation for a finite potential well. Consider the single 
potential well of depth  V 0 and width 'a ' with confinem ent in the z direction as 
shown in figure 2 .2 .
H m  =  E  4{z) (2.3)
where i/(z) is the wavefunction of the particle in the potential well such that 
I ^(z) | 2 gives the probability of the particle being a t position 'z ' and E  is the
energy of the particle, m easured from  the bottom  of the well. The Ham iltonian H 
of the potential well is given by:
- § z * + v <z > <2 -4 >
where m* and IT are the effective mass of the particle and Planlts constant divided
by 2x respectively and the potential V(z) is defined as:
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Figure 2.2
(a) Schematic diagram of a finite square potential well o f depth V0 and width 'a'.
The eigenfunctions and energy eigenvalues o f the lowest two energy states 
(n=l and 2) are shown.
(b) Graphical solution of the single finite potential well model, showing the functions 
p (£ ) and q (£ ). The two intersection points o f the graphs give the energy eigenvalues, 
this particular example having two confined states.
V( z )  -  0 | z  | < a / 2
-  V0 I z |  > a / 2 .
Solving equation 2.4 for the th ree regions of the potential well yields the solutions:
w here A, C, D , and F are arb itrary  constants set by the boundary conditions of 
the system. The negative exponential term  for z<  — a/2 and positive exponential for 
z>  a/2 have been dropped to ensure tha t ^(z) is finite a t all values of z. T he 
constants k 1 and k 2 are given by:
T he wave functions of particles confined to the potential well are therefore 
standing waves in the region of the potential well, with exponentially decaying 
am plitudes in the potential barriers. Taking into account the sym m etry of the 
potential well, the solutions m ust be either symmetric or antisym m etric about x=  0 . 
T he  boundary conditions tha t the w avefunction and its first derivative m ust be 
continuous at all values of z, coupled with the sym m etry of the solutions, leads to 
4 equations which can then  be expressed as two transcendentals, elim inating the 
arb itrary  constants:
Since equations 2.7 (a) and (b) cannot be satisfied sim ultaneously, k ,  and k 2 must 
be solved graphically or num erically. The result is a set of symmetric 
eigenfunctions from  solving 2.7a and an antisym m etric set of eigenfunctions from 
solving 2.7b. Considering the sym m etric solutions first, the eigenfunctions are of the 
form:
\ K z )  -  A e x p ( k 2z )
i/'Cz) -  C s i n ( k , z )  + D c o s C ^ z )
i K z )  -  F e x p ( - k 2z )
z  < - a / 2  ( 2 . 5 a )
I z | < a / 2  ( 2 . 5 b )
z  > a / 2 .  ( 2 . 5 c )
k,  =  [ 2m *E ] i/IT 
k 2 =  [2 m * (V 0 —E)]i/fiT
(2 .6 a)
(2 .6 b)
( 2 . 7 a )
- k ,  c o t -  k 2 ( 2 . 7 b )
i^(z)  -  B c o s (  k ^ )
vKz)  -  B ' e x p [  k 2 ( a / 2  -  I z  | ) ]
I z | < a / 2  ( 2 . 8 a )
| z | < - a / 2  ( 2 . 8 b )
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Sim ilarly the antisym m etric eigenfunctions, which result from  solving 2.7b are of 
the form :
\p(z)  = A s i n  ( k ^ z )
\ K z )  — A ' e x p [  k 2( a / 2 - z )  ]
^ ( z )  -  A ' e x p [ - k 2( a / 2 - z )  ]
w here A '=  A sin(k 1a/2)
B '=  B cos(k1 a/2)
and the constants A and B norm alise the eigenfunctions. T he norm alised 
eigenfunctions form  a com plete orthogonal set, thus form ing an orthonorm al basis 
set, a p roperty  which becomes im portan t when discussing transition rules in a 
quantum  well sem iconductor. In order to fully solve the eigenvalue problem , the 
eigenvalues E  of equation 2.3 must be evaluated e ither graphically or num erically. 
T he graphic solutions will be discussed here to illustrate the features of the 
po ten tial well. Substituting the full expression for k , and k 2 into equation 2.7a and 
m ultiplying by a / 2  leads to the equation:
J[  m *Ea 2 /2FP ] ta n [ / (m * E a 2 /2 E 2) ] =  / [ m * ( V 0-  E )a 2 /2 Ii2 ]
and m aking the substitution e=  / [  m *Ea 2/2FT2 ] gives:
£ tan (e) =  J[  (m *V 0 a 2 /2IT2) -  e 2 ] (2.10a)
and similarly for the antisym etric eigenfunctions:
£ cot(£) =  / [  (m *V 0 a 2 /21T2) -  e 2 ] (2.10b)
T o solve equations 2.10a and 2.10b and obtain the energy eigenvalues of the 
potential well, the functions p ( f )  and q(c) are defined and these functions are 
p lotted in figure 2 .2 :
p (c) =  £tan(£) (for sym m etric eigenfunction)
=  — £COt(£) (for antisymmetric eigenfunction)
and q (e) =  J[  (m *V 0 a 2 /2 f i2) -  e 2 ] = y(7 2-  e 2)
I z | < a / 2  ( 2 . 9 a )
z  < - a / 2  ( 2 . 9 b )
z  > a / 2  ( 2 . 9 c )
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T he solutions to the eigenvalue problem  are given by the intersections of the two 
functions p( e) and q( e) and are discrete eigenvalues which give the allowed 
energies of a particle confined to the potential well (see figure 2.2). T he num ber 
of solutions and hence the num ber of bound states in the potential well is 
dependent on the radius of the circle defined by q( e) refered to as the strength 
param eter y.  In the exam ple shown in figure 2.2 there  are 2 confined states, and 
the eigenfunctions associated with these states are represented  in figure 2.2b. The 
energy eigenvalues are labelled E n with n=  1 for the ground state and n increasing 
for increasing energy. T he corresponding eigenfunctions contain (n—1) nodes within 
the potential well.
T he penetration  of the eigenfunction into the potential barrier is dependent 
upon the term  k 2: the higher the energy of the state in a potential well being 
considered, the larger the am ount of penetration . In considering the width of the 
potential wells, narrow er wells exhibit g reater penetration  into the barrier because 
k 2 decreases as energy increases leading to larger penetration  and also the 
w avefunction a t the barrier increases with decreasing a/2 (equations 2.8 and 2.9). 
T he confinem ent of the eigenfunctions to the potential well therefore decreases with 
well width and this becom es an im portant consideration in designing quantum  well 
m aterial.
In the lim it tha t the potential well becom es infinitely deep (V o=°°). the 
strength p aram eter y  o f the well tends to infinity. T he solutions to equations 2.10a
and b can therefo re  be evaluated exactly, occuring a t e=  n r / 2 , so that the energy
eigenvalues occur a t:
p  (F n r n ) 2
which are the solutions to the infinite potential square well problem  [Pankove '71]. 
T he separation  of the energy eigenvalues therefore increases quadratically with n in 
the infinite potential well. For the finite well, the energy separation is less than 
for the infinite potential well, but still increases with energy.
Section 2 .3 .2  M ultiple Q uantum  Well Structures.
In the discussion above, the solution to a single quantum  well was considered. 
In a m ultiple quantum  well (M QW ) structure consisting of a num ber of finite
potential wells of depth V 0, width 'a ' and barrier width ' d' ,  in teraction between
adjacent wells needs to be taken into account.
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If the barrier width between adjacent potential wells is com parable to the 
penetration  depth  of the eigenfunction, then the ad jacen t wells cannot have the 
same energy eigenvalues because of resonsant coupling of the wells. The resultant 
eigenfunctions are approxim ately linear com binations of the two eigenfunctions of 
the wells, with a sym m etric and an anti— symmetric com bination [Chen et al 
’87(b)]. These two eigenfunctions have different energies, the energy difference 
increasing with increasing interaction. As m ore wells are  included in a structure, 
fu rther splitting of the energy states occurs (one level per well), until the energy 
levels of the single finite quantum  well become broadened into m inibands within 
the potential well. T he m agnitude of the broadening increases with an increase in 
the in teraction betw een the eigenfunctions so tha t the broadening experienced by 
the higher lying eigenfunctions is greatest [Shik ’75].
T he in teraction betw een individual potential wells leads to an im portant 
distinction between superlattices (SL) and M Q W 's. In a SL, there  is a large 
overlap of the eigenfunctions of adjacent wells, caused by having thin barriers 
layers. T he eigenstates therefore broaden into wide m inibands and there is 
significant tunneling through the barrier m aterial. The carriers are not confined to 
indvidual wells, but can drift through the extended lattice. In M QW  m aterial, 
thicker barriers greatly reduce the interaction betw een ad jacen t wells and the 
broadening is therefore  less significant so that the m inibands can be considered as 
discrete states. T he broadening of the levels through well to well interaction can be 
satisfactorly m odelled using the Kronig—Penney m odel [Kittel ’8 6 ]. In modelling the 
effects o f both the barrier width and well depth on the broadening of the energy 
states, a potential well with a strength param eter 7  of 2 ir and barrier width equal 
to the well width showed negligible broadening of the first two energy states 
[M acBean ’8 6 ].
T he m odel of quantum  confinem ent in potential wells presented so far gives a 
picture of confined carriers that can have only a few discrete energies which 
correspond to the eigenvalues of the potential well. W hilst this is true for the 
energy in the z direction, for the in— plane motion the carriers can move freely 
under the norm al dispersion law, so that the total energy E of a confined particle 
is given by:
E _  [ Rx 2 + V I  + En ( 2 . 1 1 )
and any energy of the particle greater than E n is taken up by the in— plane 
m otion.
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T he density of states g(E) of a 2 dimensional system, is given by:
dn dk 
dk ‘ dE ( 2 . 1 2 )
where n is the num ber of states with energy less than E and k is the wavevector. 
W ith the reduced dim ensionality of the system, there  are only 2 degrees of 
freedom  in k space and so n o c k 2 . If the bands are assumed to be parabolic, then 
from  equation (2.12) g (E )=  constant. For each sub—band the density of states is 
therefo re  a constant, so that the density of states of the potential well consists of 
a series of steps:
w here the sum m ation is over all the bound states of energy E n in the potential 
well, 0 (x) is the Heaviside step function and m *x y is the in— plane effective mass 
of the confined carriers.
In reality the density of states does not follow a sharp step, but is sm eared
out by the finite width of the m inibands. T he resultant density of states as a 
function of energy are shown schem atically in figure 2.3. T he sm earing of the step 
increases with energy since the well to well interaction increases with energy as
discussed in the Kronig— Penney analysis [Shik et al '74].
In in terband optical absorption in quantum  wells, absorption of a photon leads 
to the  excitation of an electron from  a confined state in the valence band to a 
confined state in the conduction band. T he optical absorption spectum  therefore
follows the density of states as a function of energy, since the electron m ust be
excited from  one allowed energy level to another allowed energy level. A further 
consideration in the absorption spectrum  is that there m ust be a non— zero
transition probability between the two states. This is equivalent to  saying th a t there 
m ust be a finite overlap of the envelope functions of the initial and final
eigenfunctions. When the strength param eters ( 7 ) of the quantum wells in the
conduction and valence bands are equal, this leads to the strict selection rule that 
An= 0 for an allowed transition. T he optical absorption therefore  has a series of
steps, following to the steps in the density of states, which can be expressed as:
g ( E )  "  I  9 < e - e „ ) ( 2 . 1 3 )
OfCFu) « nl n , | < u n . | un> | 2 0(Ea>-Eg-En- En « ) ( 2 . 1 4 )
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where un and un » are the  eigenfunctions of the  initial and final states, Eg is the 
m aterial band gap and E n and E n » are the eigenvalues of the initial and final 
states in the wells.
Section 2 .3 .3  E ffects o f M aterial Band S tructure on M Q W  G aA s/A lG aA s.
The m ultiple quantum  well structures studied in this thesis consist of thin 
layers of GaAs («10nm ) which act as potential wells when sandwiched between 
layers of the larger band—gap A ^ G a ^ y A s  m aterial. Some of the features of this 
m aterial will be discussed in this section to illustrate the optical properties of 
m ultiple quantum  well (M QW ) GaAs/AlGaAs.
O ne im portan t feature of the potential wells in M QW  GaAs/AlGaAs m aterial 
is th a t potential wells in both the conduction and valence bands occur in the GaAs 
layers. A consequence of the confinem ent of carriers in the same layers is an 
increase in the in terband transition probability from  confined states. The fact that 
the carriers in the GaAs wells and AlGaAs barriers have different effective masses 
affects the energy eigenvalues of the wells. To conserve m om entum  at the well/ 
barrier in terface in the boundary conditions of the eigenvalue problem ,
(l/m * )(d ^ /d z ) m ust be continous at the w ell/barrier, ra ther than  (di/7dz) [Kawai et
al '84].
T he well strength  param eter y  is dependent upon the depth  of the potential
well (i.e . the  difference in the band gap of the well and barrier materials) and
also the effective mass of the confined carriers. For a barrier m aterial consisting of
A l0 3 G a 0 7As and GaAs wells, the potential well depth  is 240meV and 160meV for
the conduction and valence bands respectively. The difference in the well depths is
a result o f the 60:40 band offset for the ratio of conduction to valence bands in
GaAs/AlGaAs [Schm itt—Rink et al '89]. Allowing for the d ifferent well depths and 
the different m* for carriers in the conduction and valence bands leads to the ratio 
of y  between the bands cb:hh:lh  to be 1:4.7:0.82.
It is the large well strength for the hh band (as a result of the large hh
effective mass) that leads to an eigenfunction which is tightly confined to the wells.
The large hh effective mass pushes the energy eigenvalue deeper in the well, and
increases the decay constant k 2 (equation 2.6). For the light hole eigenstates, the 
com bination of the shallower valence band potential well and the small effective 
mass m eans th a t the confinem ent of carriers to the well is m uch less than the
either the heavy hole or conduction band eigenfunctions.
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It is the d ifferent well strengths of the hh and lh bands tha t leads to the
degeneracy at k= 0  being lifted, since the 1 /m* factor in the kinetic energy term  
of the H am iltonian (equation 2.1) leads to the hh energy eigenvalues being smaller 
than the lh energy eigenvalues. T here  are therefore two sets of eigenstates within 
the valence band potential well, as illustrated in figure 2.4.
T he points raised in this section lead to a m odification of the selection rules 
which govern the interband transitions and hence the absorption spectrum . If the 
potential wells in the conduction and valence bands were identical, then interband 
transitions o ther than  An= 0 would also be forbidden because of the orthogonality 
of the eigenfunctions. However, the com bination of the d ifferen t well depths and 
carrier effective masses of the conduction and valence bands m eans tha t, whilst 
eigenstates of a particular band rem ain orthogonal, for eigenfunctions of different 
bands and with An^O, the eigenfunctions are not necessarily orthogonal. As a 
result, transitions of An= even integer are observed as weak peaks in the absorption
and lum inescence [M iller e t al ’80] spectra of M QW  m aterial.
The confinem ent of the heavy hole eigenfunctions to the potential well is 
g reater than both the light hole and conduction band eigenfunctions, which have 
com parable confinem ent. As a result, the overlap betw een the heavy hole 
eigenfunctions and the conduction band eigenfunctions for An?*0 is larger than for 
the light hole and conduction band eigenfunctions. T he heavy hole forbidden 
transitions are therefore  m ore prom inent than light hole forbidden transitions in the
absorption spectrum  [M iller e t al '81(b)].
Section 2 .3 .4  E xcitonic E ffects in  G aA s/A lG aA s Q uantum  W ell S tructures.
Interband optical absorption always involves the creation of an electron— hole 
pair, which in teract through their Coulom b attraction . This in teraction m eans that 
the optically created  electrons and holes cannot be fully described in term s of 
single particle states and so the concept of an exciton m ust be introduced. An 
exciton is an electron— hole pair which, whilst being bound to one another as a 
hydrogenic system, are free to move through the lattice. Peaks associated with the 
creation of excitons are observed in the optical absorption edge of bulk 
sem iconductors [Dow et al '70], but only at low tem peratures since the weakly 
bound electron— hole pair are easily ionised by phonon in teraction . T he diam eter of 
orbit for excitons in GaAs is approxim ately 30nm and so the confinem ent of an 
optically created electron hole pair in a quantum  well of l Onm width confines the 
electron hole pair and increases the binding energy of the exciton. As a result, the
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Figure 2.4
Absorption spectrum o f MQW GaAs/AlGaAs, illustrating the step-like density 
of states at the n=l ,  2 and 3 inter band transitions. Exciton peaks are well 
resolved at each o f the interband transitions.
(After Chemla et al ’86)
optical absorption edge of quantum  well GaAs is dom inated by the exciton peaks, 
even a t room  tem perature [Dingle e t al ’74].
T h ere  are exciton states associated with each of the steps in the optical 
absorption  spectrum  as shown in fig 2 .4 , where two peaks are observed at the 
n=  1 step. T he low energy peak at the n=  1 step originates from  the creation of 
an  exciton associated with the heavy hole subband, and the high energy peak from  
the creation  of an exciton associated with the light hole subband. In general, the 
observed excitons are in the ground. Is  like hyrogenic^ state with the energy 
of these states lying approxim ately 8 m eV below the step in the density of states. 
E xcited states such as 2s and 2p do however exist, but are observed only a t low 
tem eratu res ( «4K) in the lum inescence spectra of high quality GaAs/AlGaAs 
quantum  well samples [M iller a t al '81(b), Dawson et al '8 6 , M asumoto '85].
T h e  confinem ent of carriers in the quantum  well layers modifies the 
spherically sym m etric orbits of bulk GaAs by com pressing the orbits in the plane 
of the wells. T he reduced average separation  of the electron and hole of the 
exciton increases their coulombic attraction  and leads to an increase in the exciton 
binding energy. In the 3 dim ensional case, the exciton binding energy B 3q  is given 
by:
B aD -  -R y -  -  J F K *  ( 2 1 5 )
In the lim it o f a purely 2 dim ensional exciton, the binding energy is increased by 
a factor of 4 [Chem la e t al '84] such tha t the binding energy is modified to B 2 q :
2 e 2 u*
B 2D -  -4 Ry  -  -  ^ 2  ( 2 1 6 )
In reality, both the finite width of the quantum  well layers and the 
penetra tion  of the electron and hole wavefunctions into the barrier layers results in 
a quasi 2D exciton with a binding energy lying within the B 2q  and B 3q  limits. It 
is this increase in the exciton binding energy that leads to the exciton resonances 
still being observable at room tem perature in M QW  m aterials. For an exciton peak 
to be distinguishable from  the continuum , the binding energy (B) must be larger 
than  the exciton linewidth (r). T here is a well width for which the exciton binding 
en erg y  in  a finite potential well is m axim um  [G reene e t al '83, Bastard e t al '82] 
since the penetration  of the wavefunctions into the barrier m aterials increases with 
decreasing well width, thus increasing the average separation of the electron and 
hole. F or instance, with an Al concentration  of x = 0 .3  in the barrier m aterial and 
using a band—offset ratio of 85:15, the heavy hole exciton binding energy peaks at
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approxim ately 9meV for a well width of 3.5nm  and at 5nm for the light hole 
binding energy.
Although the exciton resonances are still m uch m ore pronounced at the band 
edge of M OW  m aterial com pared to bulk m aterial, the line width of exciton peaks 
in high quality bulk GaAs is actually less than in M QW  GaAs/AlGaAs [Chemla et 
al '85, Dow et al ’70]. The lineshape of excitons has been modelled 
sem iem pirically to a Gaussian lineshape [Chem la e t al ’85] because the dom inant 
broadening m echanism s are inhom ogenous, the m ost significant being w ell/barrier 
interface roughness. T his is especially so for th in  wells since the energy eigenvalue 
fluctuation is given by:
w here E | is the  energy of the i 'th  eigenstate and L z is the  width of the well 
[Chem la e t al ’84]. T he dom inant m echanism  limiting the exciton lifetime and so 
leading to  hom ogenous broadening is longitudinal optical phonon (LO — phonon) 
in teraction , which lead to an estim ated exciton lifetim e at room  tem perature of 
300fs [Chem la e t al '84].
T he in— plane m otion of the electron and hole pair of an exciton in 
G aAs/AlGaAs quantum  wells is com plicated by the lifting of the degeneracy at k=  0 
of the heavy and light hole bands and coupling betw een these bands. These lead 
to the bands having highly non—parabolic dispersion. T he non—parabolicity of the
bands arises from  the fact tha t at k=  0  the in— plane effective mass m* of the
heavy hole is in fact less than that of the "light" hole, because the heavy hole
band curvature is g reater than the lower energy light hole band, band crossing 
would occur at some finite value of k. However, coupling of the two bands
occurs leading to anticrossing of the bands. The anticrossing of the excitons in 
excited states has been dem onstrated from  lum inescence m easurem ents of 
GaAs/AlGaAs in an electric field [Vina et al '87]. Also, by including mixing 
between the heavy hole and light hole states for the in— plane m otion, variational 
calculations [Bastard e t al '8 6 ] show divergence of the sub— bands at finite k, thus 
avoiding the band crossing. It is worth noting that the confinem ent of carriers in 
quantum  wells therefore changes the in— plane dispersion of GaAs through coupling 
of the J z=  ±1/2 and J z=  ±3/2 bands whilst dispersion along the direction of 
confinem ent is left unchanged. To fully describe the dynam ics of an exciton in a 
quantum  well, the in plane dispersion of the bands should be taken into account. 
It is, how ever, usual to neglect the coupling of the bands and assign a mean
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effective mass to the holes of the exciton, averaged over the dispersion in the 
Brillouin zone.
M easurem ents of the optical absorption spectrum  of GaAs/AlGaAs quantum  
wells have shown it to be highly polarisation dependent [W einer e t al '85(a)]. The 
spectra show th a t for light polarised in the plane of the quantum  well, there  are 
two excitonic peaks: one associated with the the heavy hole band 13 /2 ,±3/2> and 
a second associated with the light hole band |3 /2 ,± l /2 > .  T he relative absorption
strength of the peaks are 3:1 for the heavy and light hole respectively. However, 
fo r light polarised perpendicular to the wells, the transitions from  the heavy hole 
band becom e forbidden, so tha t only the light hole exciton appears in the
absorption spectrum  giving relative absorption strengths 0 : 1  for the heavy hole and 
light hole transitions. Although the polarisation dependent absorption is more 
apparen t in M QW  m aterials because of the lifted degeneracy of the heavy and 
light hole bands, the polarisation dependence is also present in bulk GaAs [Sell et 
al '73]. T he selection rule is related to crystal sym m etry and can be explained in 
term s of the angular m om entum  of the bands involved in the transition.
The transition probability of an electron from  an initial state uj to a final 
state Uf which involves absorption of a photon is given by
p i f  « I < U f  l e . p l  U j >  | 2 (2.18)
where Uf and uj are  the wavefunctions of the electron after and before the 
transition respectively, e is the unit vector of the optical electric field and p is the 
m om entum  operato r. T he states of an electron in the conduction and valence bands 
of GaAs can be expressed as [Schuurm ans et al *85]:
ue =  11/2, ± l/2 >  =  | s>  2.19(a)
uhh=  13^2, ±3/2> =  1/72 |(x  +  iy) >  2.19(b)
ulh=  |3 /2 , ± l/2 >  =  1/76 |(x  +  iy) >  -  7(2/3) | z>  2.19(c)
ue is the state of an electron in the conduction band which is a spherically 
sym m etric s— type orbit. The hh and lh states are p— type orbits with the two 
bands having different projections of angular m om entum .
Consider an optical transition from  a state |z >  to a state |s >  involving an
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optical electric field e z . T he operato r e .p  becomes£^pz (ie £x iIT d/dz), and since 
|z >  is an odd function of z its derivative is even. Since |s >  is also even, the 
m atrix elem ent (2.18) is non—zero and there is a finite transition probability. 
H ow ever, if the initial state is |x >  or |y >  (even functions in z), then  the 
derivative is odd in z giving a zero m atrix elem ent (2.18). In conclusion, only the 
com ponent of the |p >  states parallel to the optical field couples with |s >  states.
Now consider the optical absorption involving a transition from  the hh to the 
cb, such tha t uj and Uf are represented  by u ^  and ue respectively. If the 
polarisation of the incident light is in the plane of the quantum  well (ie e x or 
£y), then  there  is coupling betw een the |x >  or |y >  states and the |s >  state and 
there  is a finite transition probability Pjf. However, for polarisation ez 
perpendicular to the plane of the well, there is no |z >  com ponent to couple to 
and  th e  transition from  the hh to  cb is forbidden for this polarisation.
F o r absorption processes involving the excitation from  the lh to the cb, uj 
represen ted  by ujjj and there  is coupling from  the lh band to  |s >  type cb for all 
polarisations. As a result the transitions from  the lh to cb is allowed for 
polarisation both perpendicular and parallel to the plane of the well.
T he relative oscillation strength of the transitions from  the two valence bands 
is given by the ratio of the pro jection  of the heavy and light states in the 
d irection of the light polarisation (the conduction band being spherically symmetric 
is unaffected by the direction of polarisation). For polarisation in the plane of the 
quantum  well, the only difference the calculation of Pjf from  the heavy and light 
hole states is the factors 1/72 and 1/76 in the wavefunctions. Squaring these in P jf 
leads to a relative oscillator strength of 3:1 for the transitions as m easured by 
[W einer e t al '85(a)], Since the heavy hole transition is forbidden for polarisation 
perpendicular to the plane of the well the relative oscililation strengths will be 0 :1 . 
This argum ent assumes that the heavy and light hole bands are com pletely 
decoupled. This is however not the case and m easurem ents by [Sooryakum ar ’8 6 ] 
suggest that there is mixing of states of up to 30% at k= 0.
Section 2.3.5 Refractive Index of Multiple Quantum Well GaAs/AlGaAs.
T he optical absorption edge of M QW  GaAs/AlGaAs has been shown to be 
qualitatively very different to that of bulk GaAs [Chemla et al ’84]. It therefore 
follows tha t there  must be a corresponding m odification to the refractive index of 
the m aterial at photon energies close to the band gap, since the absorption
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spectrum  of a m aterial and its refractive index are in ter— related , as represented  by 
the K ram ers— Kronig transform ation. T he differences in refractive index between 
bulk and  M Q W  m aterials are mainly (a) large dispersion close to the band gap and 
(b) large birefringence resulting from  both the m ultilayer dielectric nature of the 
m aterial and the exciton polarisation sensitive selection rules described in section 
2.3 .4 .
Beginning with the large dispersion, the presence of the exciton peaks in the 
absorption spectrum  of M QW  m aterial a t room  tem perature  and also the changes 
in absorption  associated with the 2  dim ensional density of states lead to a 
corresponding change in refractive index. T he changes are dom inated by the 
exciton resonances, which lead to a large dispersion of refractive index [Chen e t al 
'87(a)], although the step—like 2 dim ensional density of states also radically changes 
the refractive index of the M QW  com pared with the bulk m aterial. Considering the 
b irefringence, a t wavelengths away from  band gap, the birefringence of M QW  
m aterial is dom inated by the m ultilayer dielectric nature  of the m aterial. However, 
a t wavelengths close to the band gap, the birefringence originating from  the 
anisotropic absorption of the m aterial [W einer et al '85(a)] dom inates, with the loss 
of the heavy hole transition leading to large birefringence [Chen e t al '87(a)].
In  o rder to m odel and design optical devices such as waveguides in M QW  
G aA s/A lG aA s, it is necessary to be able to  calculate the m ateria l's  refractive index 
a t the  device 's operating  wavelengths. T he sim plest m odel used is the weighted rms 
m odel [O hke e t al '85], in which the refractive index is given by:
■ W - T E ) -  ( 2 2 0 )
where n^co) and n 2(to) are the refractive indices of the well and barrier m aterial 
of width L , and L 2 and a t the photon frequency of co. T he values of n ,  and n 2 
can e ither be calculated from  the semi em pirical m ethod [Adachi '85] for a 
frequency w and Al concentration of x in A lxG a , _ xAs o r alternatively the values 
can be taken from  the published values m easure experim entally [Cassey et al '74, 
Jensen  e t al '83].
Because the rms m ethod neglects any effects on the refractive index arising 
from  the 2 — dim ensional density of states and the exciton resonances, there  are 
discrepances between the indices m easured experim entally  and those calculated from 
the rm s m odel [M acBean '8 6 ]. A m ore refined m ethod of calculating the indices, 
which takes into account the detailed electronic band structure of the m aterial has 
been used [K ahen et al '85] giving values which agree well with the values
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m easured experim entally  [Suzuki et al ’83]. However, since the rms model is much 
sim pler to im plem ent and agrees well with m easured values o ther than at 
wavelengths close to the exciton resonances, this m ethod was used here when 
designing waveguide devices.
Section 2.4 QUANTUM WELLS IN AN ELECTRIC FIELD.
T he previous sections of this chapter have shown that the band structure of 
GaAs is radically changed by the form ation of th in  («10nm ) quantum  well layers 
and tha t with this change there  is a corresponding change in the optical absorption 
and the persistence of excitons at room  tem perature. It has also been dem onstrated 
experim entally  [M iller e t al ’85] that the quantum  well m aterial behaves very 
differently  in a D .C . electric field, giving rise to a new  effect in sem iconductors 
which has been term ed the quantum  confined Stark shift (Q CSE) [M iller e t al '84]. 
T he effect was first observed in the lum inescence behaviour of GaAs/AlGaAs 
quantum  wells [M endez et al '82] and later in transm ission through the quantum  
well layers [Chem la '83].
T he electric field can be applied such tha t the field is e ither parallel or 
perpendicular to  the plane of the quantum  well layers. T he latter configuration 
leads to the m ost radical change in the absorption com pared with the effect 
observed in bulk m aterial. Before explaining the effects observed in quantum  well 
m aterial, it is worthwhile briefly discussing the effects observed in bulk 
sem iconductors in an electric field, ie the F ranz—Keldysh effect [Keldysh '58].
Section 2.4.1 The Franz— Keldysh Effect.
W hen a large uniform  DC electric field (* sl0 5V/cm) is applied to an 
insulating or sem iconducting crystal, the optical absorption edge is seen to broaden, 
inducing a tail in the absorption at photon energies below the band gap and 
oscillations in the absorption spectrum  at energies above the absorption edge [Dow 
e t al *70].
T he effective decrease in the band gap of the m aterial can be explained in 
term s of photon assisted tunnelling of electrons from  the valence band to the 
conduction band. In the presence of an electric field, the bands tilt, but rem aining 
parallel and  m aintaining the same vertical band gap as shown in figure 2 .5(a). The 
w avefunctions of the carriers in the conduction and valence bands are now
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Figure 2.5
Effects of an electric field on the optical absorption of:
(a) Bulk semiconductors,
(b) Quantum Well material, with the electric field applied perpendicular 
to the plane o f the wells.
asym m etric and are descibed by Airy functions, decaying into the band— gap and 
oscillating into the bands, as shown in figure 2.5(a). It is apparen t fom the 
wavefunctions that an electron in the valence band can now tunnel into the band 
gap and be excited into the conduction band by absorption of a photon of energy 
e , ,  less than the band gap Eg. Equally, the electron can exist in the region where 
the w avefunction is oscillatory and be excited into the conduction band by a 
photon  of energy e 2, g reater than  Eg. It is the oscillatory nature of the 
wavefunction that leads to the oscillations in the optical absorption spectrum  at
energies above Eg.
T he qualitative description of the Franz— Keldysh effect given above (and the 
original analysis by F ranz and Keldysh) neglects any effects arising from  the 
coulom b interaction of the electron and hole pair which are created  by the 
absorption of a photon. In la ter studies, [Dow et al '70] took the Coulomb 
in teraction into account, thus accounting for exciton resonances in the absorption 
spectrum . In bulk m aterial the exciton peaks are seen to broaden rapidly with
electric field strength and also shift slightly to lower energies. The broadening is 
m ainly the result of rapid field ionisation in the presence of an electric field and 
the small exciton binding in the bulk m aterial. The exciton resonance is soon lost 
as the electron  are  rapidly ionised by the electric field.
Section 2.4.2 Quantum Wells in an Electric field.
Field Parallel to the Plane of the Wells.
T he effect of an electric field on the absorption spectrum  of a quantum  well 
G aAs/AlGaAs was studied experim entally  by [M iller et al '85], who dem onstrated
that the effect was qualitatively sim ilar to tha t seen in bulk GaAs. T hey observed 
large broadening of the exciton peaks at the band edge, with a slight shift to 
h igher energies a t low electric fields. This was similar to the effect predicted by
[Dow e t al '70] when m odelling a 2— dim ensional exciton in an  electric field. The 
large broadening of the peak observed is due to the field ionisation since the 
electric field polarises the exciton, reducing the coulom b in teraction. The 
broadening is however less rapid than  with a 3 dim ensional exciton because of the 
large binding enegry of the quasi 2  dim ensional exciton.
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Field perpendicular to the plane of the wells
W hen a uniform  electric field is applied perpendicular to the plane of the 
quantum  wells, the changes in the absorption spectrum  are radically d ifferent to 
those seen when the field is applied parallel to the plane of the well o r in bulk
G aAs. A  new  effect is observed which has been term ed the quantum  confined
Stark effect (Q CSE) [M iller et al '84], and it is im portan t to note that this is not 
an  enhancem ent o r m odification of an effect observed in bulk m aterial. T he m ain 
features observed in the  Q CSE are th a t the  exciton resonances associated with the 
n =  1 transition  shift to lower energies [W hitehead e t al '8 8 (a)] and the exciton 
resonances rem ain  resolvable for fields up to 50 tim es the classical exciton 
ionisation field [M iller e t al '85]. The exciton peaks are  also observed to shift by 
energies up to 5 tim es the exciton binding energy [M iller et al *85]]. The most 
rem arkable feature is the persistence o f the exciton resonances at large electric 
fields. T he  m ain m echanism s leading to the Q CSE will be described as reported  in 
the literature .
In section 2 .3 , it was shown that the carriers in a finite potential well exist in 
eigenstates with discrete energies given by the solutions to the eigenvalue problem
[Bastard e t al '8 6 ]. W hen an electric field is applied perpendicular to the plane of 
the wells, the  bands of the m aterial slope as shown in figure 2.5(b), and the 
H am iltonian of equation 2.6 is redefined:
H -  • - £ »  + V (2 ) -  eF * z  ( 2 - 21)
w here e =  electronic charge
F z =  Electric field
and V(z) is the  potential of the quantum  well in the absence of the electric field.
Solving the Schroedinger equation for this H am iltonian am ounts to perturbing 
the eigenfunctions in the quantum  well as shown in figure 2 .5(b), whilst neglecting 
any coulom b interaction between electron and hole created , and hence neglecting 
excitonic effects. A  variety of m ethods have been used to solve this eigenvalue 
problem : variational [M endez et al '82, Sanders e t al '87], perturbation [Bastard et 
al '83] and Airy solutions [M iller e t al '84]. T he m ethods all predict the shift of 
the n =  1 energy eigenvalue to lower energies, with the energy shift being quadratic 
for field strengths in the regime e F zL z <  A E, ,  ie the potential drop across the well 
is less than  the energy shift [Bastard et al '83]. F or higher fields, the energy shifts 
m ore like E 3 ^ 2 as the wavefunction is squeezed into one side of the well, until the
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field becom es large enough that field induced tunneling through the barriers 
rem oves the effect of shifting energies [Bastard et al '86]. Most of the theoretical 
studies have concentrated  on the energy shift experienced by the n =  1 energy level. 
H ow ever, in calculating the energy shift of the higher lying states, [M atsuura et al 
'86] showed that the n =  2 an n=  3 states have an initial energy increases with 
applied electric field before they fall in energy a t larger fields.
T he results from  the exact Airy solutions [M iller et al ’8 6 (b)] showed that in 
the lim it of large GaAs quantum  well widths (L 2 > 3 0 n m ), then the effect of a 
perpendicular electric field on the absorption edge was qualitatively similar to the
effect observed in bulk GaAs. The tail in the absorption spectrum  at photon
energies below the band gap and the oscillations a t photon energies above the band 
gap are both predicted. However, for small wells (L z< 1 0 n m ), the effect of the
electric field on the absorption edge is qualitatively very d ifferen t to bulk m aterial. 
T he energy eigenvalues of the n=  1 states shift to lower energies, and the
eigenfunctions becom e asym m etric, with the penetration  into the barrier m aterial
being m uch larger on one side of the well (figure 2 .5(b)). T he asym m etry of the 
eigenfunctions of the electron and hole states are in opposite directions, decreasing 
the overlap of the envelope functions and therefore  reducing the oscillator strength 
of the corresponding absorption. At the same tim e, a finite overlap between states 
An;4) increases with field, and the oscillator strength of these transitions which are 
forbidden a t zero field increase. In this m odel the coulom b interaction of the
created  electron hole pair is com pletely neglected. Because of the similarity of the 
effect observed in bulk m aterial and quantum  wells o f width greater than 30nm, 
the effect was nam ed the quantum  confined F ranz— Keldysh (Q CFK ) effect [Miller 
e t al '8 6 (b)]. T he theory was later extended to m odel the effect of electric field 
on lower dim ensional systems: quantum  wires and dots [M iller e t al *8 8 ].
T he Q C FK  effect models the shift of the energy eigenvalues of a quantum  
well in an electric field, com pletely neglecting any exciton effects. Since the
absorption edge of M QW  m aterial is dom inated by exciton resonances even at 
room  tem perature, the coulom b interaction of the electron and hole obviously have 
to be included in the full m odel of the Q CSE. Also, an  explanation of the 
persistence of the exciton resonances up to such high field strengths m ust be given.
T o include excitonic effects in the model of quantum  wells in electric fields, 
the H am iltonian must now include term s accounting for the coulombic 
electron— hole in teraction . The resulting exciton w avefunction can be described
approxim ately by the separable wavefunction:
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w here iAe(h)(z) are solutions to the potential well problem  in an electric field 
in the absence of coulom b interaction and y?eh(r) is a 1 —S like orbital describing 
the hydrogenic nature of the exciton [M iller et al ’84]. T he confinem ent of the 
exciton in the well perturbs the orbits, leading to the quasi 2 — dim ensional exciton. 
O n application of an  electric field perpendicular to the plane of the wells, an 
induced dipole betw een the electron and hole separates the particles. T he exciton 
can therefore  be considered as two particles orbiting in two different planes. The 
increased separation of the particles reduces the coulom b a ttraction  of the particles, 
thereby reducing the exciton binding energy. T he reduced binding energy increases 
the exciton energy so th a t the exciton shift actually works against the shift of the 
energy eigenvalues. At low fields strengths (F < 3 x l0 4 V /cm ), the increase in the 
binding energy can reduce the resonance shift predicted by the Q CFK  analysis by a 
factor of two [M iller e t al ’85]. F or large fields, the total shift of the exciton peak 
is dom inated by the change in the effective band gap with electric field (ie QCFK 
effect) and only a small shift in the exciton resonance energy is the result of the 
change in exciton binding energy. For instance, in a lOnm wide well at a field of 
7 .5 x l0 4 V /cm , there  is a lOmeV shift in the effective band gap and less than 2meV 
shift in the exciton binding energy [Brum et al ’85]. A t the  larger field strengths, 
the potential barriers restrict the electron and hole separation , and the exciton 
binding energy decreases less rapidly. This is especially so for large wells 
(Lz ^15nm) where the initial decrease in the binding energy is most pronounced. 
[Brum  et al ’85].
It is the restriction on the separation of the electron and hole by the
potential barriers tha t lead to the rem arkable presistence of the excitonic resonances 
in electric field strengths up to 50 tim es the classical ionisation field. T he rapid 
ionisation of the exciton is not experienced until the electric field strength reaches 
the regim e of eF/k>Vjj—E , ie when the drop in potential of the barrier over the
penetation  depth  k is larger than the effective barrier height [Bastard ’8 6 ]. At this
field strength the exciton resonance is lost as the carriers ionise through electric 
field induced tunneling.
Finally, it is interesting to note that for electric fields perpendicular to the
plane of the quantum  well, the in—plane m otion of the exciton is also affected 
due to reduced binding energy. For large well widths (L z ^15nm) the orbit radius 
increases from  approxim ately 30nm to approxim ately 40nm  in electric fields of zero 
and 8 x l 0 4 V/cm. The result is a decrease in the exciton oscillator strength due to
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the increase separation and an increase in the broadening m echanism s such as 
in terface roughness [Deveaud et al '87, W eisbuch et al '81].
Section 2 .5  T H E  E L E C T R O -O P T IC  E F F E C T .
W hen an electric field is applied to a transparen t m aterial, the m aterial may 
experience a change in refractive index. T he effect leading to the refractive index 
change is known as the electro— optic effect, and this effect can be separated  into 
differen t effects. G allium  arsenide exhibits the electro— optic effect through three 
effects, all of which are described below in relation to M QW  GaAs/AlGaAs.
Section 2.5.1 Linear Electro—Optic Effect.
T he linear electo— optic effect (LEO ) or Pockels effect can be exhibited by all 
non— centrosym m etric crystals and is observed as a linear change in the refractive 
index of the m aterial with applied electric field. These m aterials also exhibit the
piezo— electric effect which is an induced elastic strain in the m aterial in the 
presence of an electric field. Associated with the strain , there  is a change in the
refractive index via the photoelastic effect. T here  are therefore  two independently 
acting effects leading to a change in refractive index, som etim es refered to as the 
prim ary  and secondary electro— optic effects respectively.
If a crystal is m echanically clam ped whilst in the presence of the electric field
and thus preventing any strain , then  the refractive index change is purely from  the
prim ary electro— optic effect. However, if a crystal is unclam ped an electric field 
will lead to a piezo— electric strain  and hence a change in the refractive index 
through the photoelastic effect. Both the prim ary and secondary effects are 
therefo re  being experienced. It was Pockels who proved that the refractive index 
change in a crystal in an electric field was different to that experienced by a 
crystal under m echanical strain , the difference being the result of the prim ary 
electro— optic effect. This is therefore often refered to as the Pockels effect.
T he change in refractive index is usually expessed in term s of changes in the 
optical indicatrix [Nye '57] which describes the polarisation dependance of refractive 
index of a crystal:
23
3
I  B j j X j X ; - l  ( 2 . 2 3 )  
i , j = l  J J
where Bj j  -  < V c i j
e Q -  P e r m i t i v i t y  o f  f r e e  s p a c e  
e j j  — D i e l e c t r i c  C o n s t a n t  
a n d  i , j  r e p r e s e n t  d i r e c t i o n s :  1 - x ,  2 - y ,  3 - z .
T he change in the refractive index of the m aterial as a result of an applied 
electric field in the direction ’k ’ is represen ted  by changes in the optical indicatrix:
A B ij I-SJ
3
-  Z r 1 ] k Ek ( 2 . 2 4 )
i , j , k - l  1JK
w h e re  Ek -  a p p l i e d  e l e c t r i c  f i e l d
r i j k  = L i n e a r  E l e c t r o - o p t i c  c o e f f i c i e n t .
H ow ever, since q j k is sym m etric in i and j, the coefficient is reduced to r^k, 
with the suffix i, representing the polarisation d irection, replacing ij as follows: 
1 1 = 1 , 2 2 = 2 , 3 3 = 3 , 2 3 = 3 2 = 4 , 1 3 = 3 1 = 5  and 1 2 = 2 1 = 6 . T he resulting change in 
refractive index for the d ifferent polarisation directions is described using a 6x3 2 n£* 
Rank tensor. F or cystals with point group sym m etry 43 m such as GaAs the only 
non zero  term s are r 41 , r 5 2  and r 63, and so the index change in the m aterial is 
given by:
A d A V ) 0 0 0
A ( l / n 2 2) 0 0 0
A ( l / n 3 2) - 0 0 0
A ( l / n 4 2) r 4 1 0 0
A ( l / n 5 2) 0 r 52 0
A ( l / n 6 2) 0 0 r  6 3
T he coefficients are all equal in 43m  m aterials, and so the constant r 4 1  is used to
represen t all 3 of them . However, in M QW  m aterial the suffixes are m aintained
since the crystal sym m etry is disrupted along the direction perpendicular to the
plane of the wells.
F or an  electric field applied perpendicular to  the plane of the wells,
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E ^ E ^ O  and E 3 is finite. This reduces equation 2.25 to:
4 1 / n 6)2 =  r 6 3  e 3 (2 .26)
If the index change is small ie An< <  n, then the index of the m aterial can be 
w ritten
n  *  n 0 +  i  n 0 3 r 6 3 E 3 (2 .21)
w here n 0 is the refractive index a t zero field. T he coefficient r 6 3  gives the index 
change experienced by light polarised in the direction x=  y. For quantum  well 
m aterial this represen ts light polarised in the crystalographic plane [lTO] i.e. in the 
p lane of the well. T he change in refractive index experienced by light polarised 
perpendicular to the plane of the well is zero since there  is no com ponent of An 
acting in this d irection.
To express the coefficient r 6 3  of an unclam ped crystal in term s of the 
prim ary and secondary linear electro— optic effect one can w rite :
r63 — r63 **" P 6 6 ^36 (2.28)
where r 63 ' =  prim ary o r strain free electro—optic coefficient 
p 6 6 =  strain  elasto— optic coefficient 
d 3 6  =  piezo—electric coefficient.
F or devices being considered in this thesis, all sam ples are unclam ped and so 
tha t there  is a strain  com ponent to the refractive index index change.
Section 2.5.2 Quadratic Electo Optic Effect.
T he linear electro optic effect is exhibited only by crystals which are 
non—centrosym m etric. A  second effect, the quadratic electro—optic effect, is 
however found in all transparen t m aterials. As indicated by the nam e, the quadratic 
electro— optic effect leads to a change in refractive index which is proportional to 
the square of the electric field strength. As a result, there  is no reversal in the 
sign of the index change when the field direction is reversed. T he index change is 
again expressed in term s of the optical indicatrix:
An =  aEjj ■+■ bE^Ej ■+■ ... (2.29)
w here a and b are coefficients giving the index changes which are linear and
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quadratic with electric field strength respectively. and E j are  the electric field 
strengths and they may be in the same or d ifferent directions. In the cases 
considered though out this thesis, the fields are such tha t k=  1= 3.
As with the linear electro— optic effect, there are clam ped and unclam ped 
values of the quadratic e lectro— optic coefficient and the deform ation of the crystal 
associated with the quadratic electic field is electro— striction. T he changes in 
refractive index resulting from  the quadratic electro— optic effect are usually 
negligible when com pared to those observed from  the L E O , and so the Q E O  does 
not receive a great deal of a tten tion  in non centrosym m etric crystals.
Section 2.5.3 Electrorefractive Effect.
T he dielectric constant of a m aterial is a frequency dependent complex 
num ber:
e(oo) =  c^co) — iq(oo) (2.30)
By definition, the refractive index n(co) and extinction cefficient k(o>) are related to 
the dielectric function:
ye(cd) =  n(oj) — ik(u>) (2.31)
= N(o>)
where N (oj) is the com plex refractive index.
T he K ram ers—Kronig relation enables 6 j(w) to be evaluated from  e[(o))t so 
long as the latter is known at all frequencies and vice versa. As a consequence, if 
the im aginary part of the dielectic function is changed by som e perturbation , then 
there  m ust be a corresponding change in the real part. This interdependence is 
passed on to an  interdependence of the refractive index and absorption of the 
m aterial. So that if there is a change in the absorption of a m aterial, there must 
be a corresponding refractive index change. T he effect leading to the refractive 
index change associated with absorption changes in an electric field is 
e lectro— refraction.
To calculate the change in refractive index, the change in absorption at all 
frequencies must be known:
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An(oo) -  -  p f  ) z  ■ d o '  ( 2 . 3 2 )7T J 0)' 2 -  O)2
0
In reality, the absorption spectrum  is never known across the whole frequency 
range and the change in refractive index at a fequency o> can be accurately
calculated from  knowing the change in absorption in the spectral region close to co 
[W hitehead e t al ’8 8 (a)]. In section 2.4 the large changes in absorption experienced 
in M Q W  m aterial in an electric field perpendicular to the plane of the quantum  
wells was discussed. Studies of the electrorefractive effect in M QW  m aterial have 
been carried  out in models which include the n=  1 exciton resonances [Nagai e t al 
'8 6 , H iroshim a et al ’87], m odelled to Gaussian line shapes in the absorption
spectrum  [Chem la et al ’8 8 ], Both these studies showed large changes in the 
refractive index (An«0.05) associated with the Stark shifts of the exciton resonances 
in the m aterial. T he calculations by [H iroshim a e t al ’87] included effects arising 
from  the forbidden transitions which becom e allowed in the presence of an electric 
field. T he electrorefractive effect has also been shown to be highly polarisation 
dependen t [Shimizu et al ’8 8 ], as expected from  the highly polarisation dependent 
absorption [W einer et al ’85(a)]. Also, because of the persistence of the excitonic 
resonances both a t room  tem perature  and large electric fields perpendicular to the 
plane of the quantum  wells, the electrorefractive effect observed in M QW  m aterial 
is m uch larger than that observed in bulk m aterial [Van Eck et al ’8 6 ]. It 
therefo re  seem s tha t the electrorefractive effect could have a role to play in 
optoelectronic devices.
Section 2.6 Conclusions.
A study of the optical properties of M QW  GaAs/AlGaAs, looking at a single 
finite potential well has been given. T he density of states of the m aterial gives a 
steep step— like density of states, characteristic of a two dimensional system. The 
m odel was extended to describe the optical properties of a m ultiple quantum  well 
system in a sem iconductor. It was seen how the band structure of GaAs affects the 
energy eigenvalues of the quantum wells, with the degeneracy at k= 0  of the heavy 
and light holes of the valence bands being lifted by the confinem ent. T he strict 
in terband transition rule An= 0 in quantum  wells, which results from  the
orthogonality  of the eigenfunctions in the wells, was seen to be relaxed by the
differen t band param eters in the valence and conduction bands, with transitions 
An= 2 m +  1 having weak oscillation strengths.
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M ost rem arkable in the m aterial is the persistence of excitonic resonances in 
the absorption  spectrum  at room  tem perature and it is these exciton resonances 
th a t have a profound affect on the optical properties of the m aterial. T he excitons 
m ake the m aterial highly birefringent a t wavelengths close to the absorption edge, 
since in terband  transitions involving the heavy hole bands are forbidden for light 
polarised perpendicular to the plane of the quantum  well. Whilst this is also true 
for bulk G aA s, it is m ore apparen t in M QW  G aAs/AlGaAs because of the lifting 
of the degeneracy of the heavy anA light holes.
T he confinem ent of electrons and holes to the quantum  wells in GaAs has a 
profound affect on the m aterial's properties. W hen an  electric field is applied 
perpendicu lar to the plane of the wells, it is found tha t the exciton resonances 
persist fo r field strengths 50 tim es the classical ionisation field of an  exciton. This 
persistence is explained in term s of the potential barrier which hinders the 
separation of the electron and hole, and with the coulom b attraction of the
electron and hole m aintained, the exciton 's binding energy is large enough for the 
electron  and  hole to com plete an orbit before being ionised. W hen an electric field 
is applied in the plane of the quantum  wells, the behaviour is qu&litativly similar 
to th a t o f bulk GaAs, since their are no potential barriers preventing ionisation.
T he exciton resonances are also seen to shift to lower energies when the field 
is applied  perpendicular to the plane of the wells, and this is described as a 
quantum  confined Stark effect (Q CSE). T he effect is two fold: the energy
eigenvalues of the quantum  well in an electric field shift to lower energies for the 
n =  1 states and the binding energy of the excitons decrease. If the excitonic effects 
are neglected in modelling the quanatum  wells in an electric field, the effect for 
large wells (30nm ) becomes qualitatively sim ilar to the Franz— Keldysh effect 
exhibited by bulk GaAs, with the quenching of the allowed transitions and 
dom inance of the forbidden transitions giving the tail of the absorption edge 
characteristic  of the Franz—Keldysh effect. In the sm aller wells (lOnm) the effect is 
qualitatively very d ifferent to the bulk m aterial, and the effect has been term ed the 
quantum  confined Franz— Keldysh effect.
T he optical properties of M QW  GaAs/AlGaAs in an electric field thus affected 
should lead to an  enhancem ent of the e lectro— optic effect a t wavelengths close to 
the m aterial band gap through electro— refraction. An experim ental study of the
electro— optic and electro— absorption effects in the m aterial follow in the following 
chapters of this thesis.
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CHAPTER 3
MULTIPLE QUANTUM WELL WAVEGUIDE DESIGN, MATERIAL 
CHARACTERISATION AND INITIAL WAVEGUIDE ANALYSIS
SECTION 3.1 INTRODUCTION.
In the discussion of the optical properties of M QW  structures in chapter 2, it 
was indicated tha t the electro— absorption and electro— optic effects of the m aterial 
are enhanced com pared to bulk GaAs. In order to study the effects within a 
waveguide configuration which is com patable with in tegrated  optics, a waveguide 
structure had to  be designed and the grown structure characterised . These processes 
are explained in this chap ter, followed by the processes involved in fabricating 
electro— optic stripe waveguides. Finally, the characterisation of the fabricated stripe 
waveguide structures is described including wavelength dependancy of absorption in 
the waveguides.
SECTION 3.2 DESIGN OF MULTIPLE QUANTUM WELL WAVEGUIDES. 
Section 3.2.1 Quantum Well Design.
T he design of the quantum  well structure was based on the requirem ent that 
it should exhibit a steep optical absorption edge with the n =  1 heavy and light hole 
exciton peaks well resolved at room  tem perature, and tha t the exciton peaks should 
persist a t high D .C . electric fields (* 1 0 5cm V ~ ’).
The dom inant m echanism  for exciton broadening is through the interface 
roughness a t the w ell/barrier interface, leading to variations in the well width ALZ 
which are of the order of crystal m onolayers [W eisbuch e t al ’81]. The associated 
broadening of exciton peaks (AEj) is given by [Chem la e t al '84]:
AEj oc Ej AL2/ 1*2.
So interface roughness in narrow  wells lead to substantial broadening as a result of 
Lz being small and the large energies of narrow  wells. It would therefore appear 
that having large wells reduces the broadening of the exciton peaks. In considering 
exciton widths observed through optical absorption, the well width variation (A L^ 
which varies in units of atom ic spacing is averaged over the area of the sample
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illum inated. To m aintain the exciton peaks at large fields, the well width must be 
kept below lOnm since excitons in wells larger than this experience a large 
reduction in binding energy in the presence of an electic field [Brum  et al ’85]. It 
is therefore argued [Chem la et al ’84] that for w ell w idths of «10nm and a mole 
fraction of Al in the A ^ G a ^ x A s  barrier m aterial of x=  0.3 it is possible to
maximise the exciton binding energy without excessive broadening.
Section 3.2.2 Waveguide Design.
For m axim um  efficiency of an electro— optic m odulator, the waveguide should 
be a stripe, propagation should be in the fundam ental m ode and the confinem ent 
of light to the quantum  well region should be maximised. T he design procedure 
was first to design a single m oded planar waveguide structure that could be grown 
by M BE or M OVPE techniques and then  m odel the etch depth  required to give a 
single m oded stripe waveguide.
T he planar waveguide consisted of a high index M QW  guiding layer («0.5/tm  
thick) with lower index AlGaAs cladding layer on e ither side, thus giving a 
sym m etric waveguide structure. T he M QW  structure decided upon consisted of 25 
GaAs quantum  wells of width lOnm and 26 A l 0 . 3G a 0 jA s  barriers o f width lOnm. 
M o d e llin g  the p lanar waveguide was done using the effective index m ethod
[Kogelnik et al '74, Hewak et al '87] and involved adjusting the Al concentration 
(and hence the refractive index) of the A lj jG a ^ x A s  cladding layer in order to 
obtain a single m ode p lanar waveguide. T he refractive indices of the AlGaAs layers 
of the structure were calculated using the em pirical form ula given by [Adachi '85] 
and the refractive index of the M QW  structure was calculated using the weighted 
rms m odel [O hke e t al '85]. This m odel does not account for the different 
dispersion of the refractive index of M QW  GaAs/AlGaAs com pared with bulk
AlGaAs. However, o ther models [Kahen et al '85, Suzuki e t al '83] which do 
account for the dispersion close to the excitonic band edge, predict an increase in 
refractive index of 0.01 close to the exciton peaks of the M QW  com pared with the 
values predicted by the rms model. This increase in refractive index was taken into 
account when designing waveguides.
T o make single m oded stripe waveguides, the depth  to which the waveguides
were to etched had to be calculated. The WAVE variational m ethod [W ilkinson et 
al '80], which models the guided mode to a series of H erm ite—Gaussian functions, 
was used for this under the following conditions: 14 basis functions in the z
direction and 7 basis functions in the x direction. These conditions had previously
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been dem onstrated  to converge accurately to the effective index of the waveguide 
structure [M acBean '8 6 ].
Figure 3.1(a) shows the intensity contour plot and figure 3.1(b) shows an 
intensity profile across the waveguide for an optim ised stripe waveguide. The 
structure  was as follows: an M QW  structure consisting of 25 GaAs quantum  wells 
o f width lOnm and 26 A l0 3G a 0 7As of width lOnm and 2/un thick cladding layers 
consisting of A l0 2 5 G a 0 7 5 As. T he etch depth  1 .6 /un yields a guided m ode which 
is tightly confined to the stripe, with the intensity of the m ode falling to 1 0 % of 
the peak intensity a t the edge of the stripe.
Section 3.2.3 Electrical Design.
An essential requirem ent of the waveguide design was tha t it be configured in 
such a way as to make it possible to to apply a large uniform  DC electric field 
(« 1 0 5 V/cm) perpendicular to the quantum  well layers. A convenient m ethod of 
achieving this is to grow the M QW  waveguide in the centre of a p— i— n diode 
[M arshal e t al '85], so that by reverse biasing the diode, a large field is 
experienced in the intrinsic region. A  low leakage curren t is necessary so th a t the 
m easured electro— optic effects in the M QW  waveguide are not mixed with plasma 
effects [Tsang e t al '89] and therm al effects both of which have a slow response 
tim e.
T he novel electro— optic properties of M QW  m aterials depend on the presence 
of well resolved excitons a t the m aterial band edge. Since broadening of the 
excitonic peaks in a non uniform  electric field occurs [Stevens et al '8 8 ], finite 
doping in the intrinsic region of the p— i— n diode causes peak broadening and 
leads to a degredation in the m aterial quality. In deciding on an acceptable doping 
level for an  M QW  region of a p— i— n diode, [M acBean '8 6 ] used the criterion 
th a t the variation in electric field strength led  to  a variation in resonance energy of 
the wells of less than one quarter the exciton binding energy of lOmeV [Chem la et 
al '84]. An acceptable doping level in the intrinsic region was thus calculated to be 
<3x10’ 5cm “  3. The low doping in the guiding region was also com patib le  with the 
requirem ent that absorption in the waveguide be kept to a m inim um , since the low 
doping reduces the free carrier absorption. T he specification on the doping 
concentration  in the intrinsic layer of the diode was therefore 3x10’ 5 cm — 3.
T o m aintain a low loss optical waveguide, the doping of the waveguide 
cladding should be kept to a m inim um . However, in considering the diode
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M odelling o f stripe waveguides using the W AVE variational
(a) Intensity contour plot across the cross section o f a stnpe. The MQW region 
and stripe are indicated on the plot.
(b) Intensity profile across the stripe waveguide.
characteristics, if the doping concentration of the p— and n— regions are very 
low, then  the depletion width of the diode will increase significantly as an
increasing reverse bias voltage is applied. H ence, a com prom ise had to be made in
the doping concentration  of the cladding layers resulting in a specification on the
doping concentration  of S x lO ^ c m -  3. A highly doped p"*" GaAs layer was grown
on the top of the p— doped cladding to allow fabrication of ohmic contacts to the 
waveguide diode.
Section 3.2.4 Depletion Width and Field Distribution in a P— I— N Diode.
T o study the electro—absorption and electro—optic effects exhibited by the 
M QW  m aterial, both  the electric field strength and distribution in the M QW  region 
have to be known. This can be calculated for a p— i— n diode using the depletion 
width approxim ation.
Figure 3.2(a) shows the distribution of the space charge caused by the ionised 
im purities in the depletion region of a p—i—n diode, and the resulting electric 
field and potential are shown in figure 3.2(b) and (c) respectively. The intrinsic
layer has a width D j and a residual p— type doping concentration  of Nj. The
doping concentrations in the p— and n— regions are N a  and and the depletion 
widths are La and respectively. By G auss 's  law, the field at any point within
the depletion region is given by the integral of the enclosed charge from  the 
depletion edge:
E ( x )  -  [ p ( x ) / e e 0 dx ( 3 . 1 )
J o
T he charge density p(x) is given by the doping concentration  in the relevant
region, and the resulting field distribution is shown in figure 3.2(b). The finite
p— doping in the intrinsic region leads to the non— uniform  field across the M QW
region with the field strengths, E ,  and E 2, at the extrem es of the i— region
given by:
eN
f f , ] Ld
I S N  - ! & ] » .
( 3 . 2 a )
( 3 . 2 b )
T he potential calculated across the diode from  Lapla e equation is shown in 
figure 3 .2 (c), where <p1t and y? 3 are the potentials at the n—i and i—p
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(a)
(b)
(c)
Potential across an undoped region.
Figure 3.2
Depletion region of a p-i-n diode with p- and n- doping concentrations o f
N a  and respectively and an intrinsic layer of thickness D and doping 
concentration N j .
(a) Space charge distribution in the depletion region o f a p-i-n diode. The 
depletion widths in the p- and n- doped regions are and respectively.
(b) Field distribution in the depletion region o f a p-i-n diode, with field 
strengths Ej and E2 at the n-i and i-p interfaces respectively.
(c) Potential in the depletion region of a p-i-n diode. The potentials , $2 and 
(J>3 are the potentials at the n-i interface, i-p interface and at the edge o f the 
depletion region respectively.
junctions and at the edge of the p— depletion region respectively. These are given 
by:
D j 2 ( 3 . 3 b )
( 3 . 3 a )
( 3 . 3 c )
T he potential across the i— doped region would follow the straight line drawn 
in figure 3.2(c) if there  was no residual doping in the i— region. However, the 
finite doping in the region leads to the deviation in the potential from  a straight 
line. This variation appears in the second term  of equation 3.3(b). The potential 
<pz is the  potential across the en tire  depletion region of the diode, a potential 
which m ust include both the voltage applied to the diode and the built in potential 
o f the  p— i— n junction.
By charge neutrality , the ne t charge in the  depletion region m ust be zero and 
the following relation must hold:
Now substituting for La in the  expression for y>3 [the sum of equations 3 .3(a), (b) 
and (c)] results in the following quadratic equation in L^:
W ith Ljj evaluated, La can be calculated from  equation 3.5 and so the field 
strengths E ,  and E 2 in the diode can be calculated.
A  num ber of M QW  waveguide structures were grown for this work which, due 
to both design and growth problem s, were not suitable for fabricating single mode 
stripe waveguides with optical confinem ent in the M QW  region. The 
characterisation of the wafers included in the thesis has been lim ited to the wafers 
used sucessfully in the study of the electro-  optic properties of M QW  waveguides.
(3.4)
-  Nd [ 1 + ] l.d 2 + 2NdD, [ 1 -  ] Ld + N, [ 1 + ] D, 2 ( 3 . 5 )
SECTION 3.3 MATERIAL CHARACTERISATION.
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These include wafers to be refered to as MV348 (figure 3.3) grown by M OVPE 
techniques a t the SERC C entral Facility for III— V Sem iconductors, Sheffield and 
A77 (figure 3.4) which was grown by MBE techniques in the D epartm ent of 
E lectronics and E lectrical Engineering, Glasgow. T he characterisation of wafer A163 
(figure 3.5) which was designed and used for fabricating electro—optic directional
coupling switches which are described in chap ter 6  has also been included in this
section. T o begin, section 3.3.1 dicusses a problem  associated with the design in
the waveguide.
Section 3.3.1 Slab Waveguide.
E ach  w afer was tested to ensure the p lanar waveguide structure grown 
supported  a single planar guided m ode, with confinem ent to the M QW  region. In
the early  m aterial design, an etch stop layer consisting of a l |u n  layer of
A l j jG a ^ x A s  (x = 0 .6 )  was grown below the waveguide structure. This enabled 
windows to be etched in the GaAs substrate, allowing devices to be fabricated with 
light propagating perpendicular to the layers. T he etch stop layer, however, caused 
serious problem s with the planar waveguide. A second planar waveguide was form ed 
in this layer, m aking confinem ent to the M QW  layer difficult to control. Since the 
devices to be studied were mainly waveguide devices, the etch  stop layer was not 
necessary and so was rem oved from  the design, solving the problem  of the second 
p lanar waveguide in the m aterial.
T he  th ree  wafers: MV348, A77 and A163 all supported single planar modes 
for both T E  and TM  polarisation.
Section 3.3.2 Photoluminescence.
Photolum inescence analysis of the M QW  samples was carried out to ensure the 
Al concentration  in the waveguide cladding layers and the quantum  well width were 
acceptably close to the original design and also to assess the quality of the
m aterial. A standard photolum inescence system was used. T he samples taken from
the grown wafer were m ounted in a cryostat, cooled to a tem perature of
approxim ately 20K and illum inated with a HeNe laser operating  at 632.8nm . The 
lum inescence from  the sample were collected by collim ating lenses and focussed 
onto the slit of a m onochrom ator. The lum inescence spectrum  was m easured by 
scanning the m onochrom ator through a wavelenth range and the signal at the
output of the m onochrom ator detected with a G e detector. T he signal was 
am plified using a lock— in am plifier and the am plified signal output to a chart
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Figure 3.3
Design of MQW planar waveguide structure MV348 grown by MOVPE.
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Design of MQW planar waveguide structure A77 grown by MBE.
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Design of MQW planar waveguide structure A 163 grown by MBE.
recorder.
T h ere  were two features of interest in the photolum inescence spectra. Firstly a 
peak associated with bound excitons in the AlGaAs cladding layers from  which the 
Al concentration  in the AlGaAs could be calculated using the expression:
E g =  1.512 +  1.455x (3.6)
where Eg is the photon energy of the lum inescence peak in eV and x is the Al 
m ole fraction in the AlGaAs. A  second peak in the lum inescence spectrum  which 
was of in terest was associated with the transition e l —lhl in the quantum  wells. 
F rom  the  energy of this lum inescence peak, the well width in the sam ple was 
calculated using the finite quantum  well m odel in GaAs/AlGaAs [Kawai et al '84].
Photolum inescence m easurem ents were carried  out on samples from  the three 
wafers M V348, A l l  and A163 and the m aterial quality assessed from the results.
Photo lum inescence results of wafer MV348
T he  photolum inescence spectrum  obtained from  m easurem ents on sample 
MV348 a t a tem peratu re  of 19k over the  large spectral range of 635nm to 1 .2 pm  
are shown in figure 3 .6(a), in which the two features of interest m entioned above 
are presen t. F irst a peak at a wavelength of 6 8 8 .7nm  associated with the bound 
exciton in the AlGaAs layers and second a peak a t 797.5nm associated with the
transition  e l —lh l in the quantum  wells. These peaks are shown in greater detail in 
figures 3 .6(b) and 3.6(c) resectively. T he broad peak at approxim ately 830nm in
figure 3 .6(a) is lum inescence from  the GaAs substrate and capping layer of the 
sam ple.
From  the peak at 6 8 8 .7nm shown in figure 3.6(b), the mole fraction of Al in 
the cladding layer was calculated to be x= 0 .2 , slightly less than the value of
x = 0 .2 5  in the original design, although still acceptable. The well width calculated 
from  the energy of the e l —lhl transition (figure 3.6(b)) was 8 .5nm , again less 
than  the  design had specified. T he second peak shown in figure 3.6(c) was not 
p roperly  identified, but was assigned to carbon im purities in the quantum  wells.
P hotolum inescence results of w afer A l l
T he photolum inescence m easurem ents on wafer A l l  were carried out a t a
35
PL 
In
ten
sit
y 
(a
.u
.)
6 8 8 . 7nm
630 700 800 900 1000 1100 1200
Wavelength (nm)
797.5nm
650 700
Wavelength (nm)
,801 nm
810800 805795790
Wavelength (nm)
Figure 3.6
Photoluminescence spectra off wafer MV348.
(a) Luminescence showing peak at 868.7nm associated with bound exciton 
in AlGaAs cladding, and peak a t " c/ /.5nm from interband transitions in the 
M QW  material.
(b) Expansion o f peak at 8 6 8 .7nm shown in (a).
(c) Expansion o f peak at 'K>7.5nm shown in (a).
tem pera tu re  of 5k and, as with sam ple MV348, the lum inescence spectrum  showed 
the two peaks associated with the exciton in the AlGaAs cladding and the e l —lhl 
transition in the quantum  well. These features are shown in figures 3.7(a) and (b) 
respectively. T he mole fraction of Al in the cladding layer was calculated from  the 
peak at 617.5nm to be x = 0 .3 4 , very close to the design of x = 0 .3 5  and the well 
width was calculated from  the peak at 797.3nm in figure 3.7(b) to be lO .ln m . The 
small linewidth of 3.4m eV of the peak in figure 3.7(b) indicates good quality of 
the w ell/barrier interface and tha t that the quantum  wells are high quality. The 
shoulder on the low energy side of the peak shown in figure 3.7(b) is the result of 
lum inescence from  the e l — h h l exciton transition.
Photoluminescence results of wafer A163
T he two lum inescence peaks resulting from  the exciton in the AlGaAs cladding 
and recom bination in the quantum  well are again present in the luminescence 
spesctrum  of sam ple A163. These m easurem ents, taken at a tem perature  of 25k
indicate a mole Al concentration  of x = 0 .3  from  the peak a t 641.9nm  in figure 
3.8(a). T he well width was calculated to be 7.5nm  from  the peak at 785.8nm. 
H ow ever, m easuring at a m uber of points across the wafer indicated a variation in 
well width across the wafer of 6 .7nm  to 7.5nm . The large differences of Al mole 
fraction  and well width from  the the design was the result of excessive Ga 
desorption during growth [Stanley '89], The sample was however still considered
acceptable for fabrication directional coupling devices.
Section 3.3.3 Diode I— V Characterisation.
Electrical characterisation involved examining the reverse bias breakdown 
voltage and leakage curren t of the p— i— n diode by m easuring the diode I— V 
characteristics. T he diode was designed such that a d .c. electric field of greater
than 1 0 5 V/cm could be applied to the M QW  region of the waveguide with a 
reverse bias voltage of «10V. Thus, a diode characteristic with a reverse bias break
down voltage of greater than 10 volts and a leakage curren t of less than lOOnA
was required. T he low leakage curren t was required to reduce therm al and plasma
effects [Faist e t al '87] whilst m easuring the electro— optic effects in the 
waveguides. To calculate the field distribution across the  p— i— n diode, the 
built— in potential of the diode had to be measured and this potential was taken
from  the I— V characteristic of the diode by measuring the forward bias voltage at
which it began to conduct.
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Figure 3.7
Photoluminescence spectra off wafer A77.
(a) Luminescence showing peak associated with bound excitons in the AlGaAs 
cladding.
(b) Luminescence peak from interband transitions in the MQW material.
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Photoluminescence spectra off wafer A 163.
(a) Luminescence showing peak associated with bound excitons in the AlGaAs 
cladding.
(b) Luminescence peak from interband transitions in the MQW material.
T he I— V characteristics of diode devices were m easured using a 
H e w le tt-P a c k a rd  4145 P aram eter Analyser. The devices had 70/un diam eter 
p— ohm ic contact to the p+  GaAs capping layer and an n— ohm ic contact to the 
N-*- GaAs substrate. T o isolate the devices, mesa structures were form ed by etching 
to a depth  below the p— i— n junctions, reducing the device area and so reducing
the leakage curren t caused by m aterial defects. If the ohm ic contact was not
protected  with photoresist during the form ation of the mesa structures, the reverse 
breakdow n voltage of the diode was very low (*3 volts) probably due to the 
transporta tion  of m etal from  the contact to the diode junction . The form ation of 
ohm ic contacts is discussed in m ore detail in section 3 .4 .2 . The resultant I— V
curves m easured from  the devices are shown in figure 3.9 for diodes fabricated on
wafers MV348 and A163 and figure 3.10 for wafer A77.
Figure 3.9(a) shows the full rectifying I— V characteristic of a diode device 
fabricated on w afer MV348. The forward biased characteristic shows the diode
conducting for voltages greater than 1 . 1  volt, indicating tha t this is the built in 
potential across the diode. The reverse bias characteristic shows that the diode 
experiences Z en e r breakdown at — 42 volts, with the curren t increasing very sharply 
a t breakdow n. T he breakdown voltage corresponds to an  electric field of 8 .6 x 1 0 5
V/cm , assuming tha t the depletion region does not extend significantly beyond the
i—region. T he typical dark  curren t for a reverse biased diode was lOOpA.
T he full rectifying I— V characteristic of a diode device fabricated on wafer 
A163 is shown in figure 3.9(b). The forward biased characteristic of the diode 
shows the conduction of the diode beginning at a voltage of 1.1 volts. The
increase in voltage is not as rapid as in wafer MV348, and this could be due to
poor ohm ic contacts ra ther than the quality of the m aterial. As with MV348 there 
is a sharp increase in curren t at the Z ener breakdown, in this case at 39 volts 
reverse bias. Again, typical dark currents for the reverse biased diode were lOOpA.
Figure 3.10(a) shows the forward and reverse bias characteristic of wafer A77. 
T he figure shows the diode conducting when forward biased, but when reverse 
biased, the diode did not reach Z ener breakdown even at 1 0 0  volts, conducting less
than 500pA. To calculate the associated field in the diode at 100 volts reverse
bias, doping concentations of Na=  1 ^ =  1 .8 x 1 0 1 6cm — 1 and N j=  1 .7x10 1 5 cm ~ 1 
(taken from  C— V m easurem ents) were used. The depletion region was calculated to 
extend 1.7/un into both of the doped regions of the diode with a resultant field 
strength of 4.5x10 5 V/cm . T he indication therefore was tha t the depletion region of 
the diode was extending significantly beyond the i— region at large reverse bias
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voltages.
T o confirm  that the wafer did in fact contain a diode, the foward bias 
characteristic  o f the device was m easured in m ore detail. Figure 3.10(b) and (c) 
show the forw ard biased I— V characteristic with the curren t plotted on a linear 
and logarithm ic scales respectively. Figure 3.10(b) shows tha t the conduction across 
the diode does no t begin to conduct significantly until a forward bias voltage of 
1.05 volts is applied, indicating tha t this is the built in potential of the diode.
T h e  cu rren t o f less than  10“  9 A and its random  nature at voltages below 
0.75V  as shown in the logarithm ic plo t o f figure 3.10(c) indicates that the 
conduction is dom inated by generation—recom bination [Sze *85]. F or voltages larger 
than  0.75 volts and up to 1.2 volts, the conduction increases exponentially over 5 
decades o f curren t. In this regim e, the curren t is dom inated by carrier diffusion 
across the  p—i—n diode. The calculated ideality factor (rj) of 1.8 is the same as 
the value m easured by [M acBean '86] in an M QW  GaAs/AlGaAs p— i— n waveguide 
structure. F or voltages greater than 1.2 volts, the diode is operating in a regime 
w here the ohm ic drop across the sample contacts and bulk sem iconductor dom inate 
the conduction, and curren t becomes proportional to voltage. The forward bias 
characteristics of the device therefore show that the m aterial did contain a suitable 
diode, although the depletion width of the diode was likely to extend well beyond 
the i— region.
Section 3.3.5 Capacitance—Voltage Measurements.
T he doping concentrations of the p— i— n diode had to be m easured so that 
the electric field strength across the diode depletion region could be calculated. A 
standard  m ethod of measuring the doping concentrations at a p— n junction is 
through capacitance—voltage (C —V) m easurem ents; a technique which was used 
through out this work for assesing the doping concentrations of the grown 
waveguide structures.
Theory of C— V Measurements.
W hen an increasing reverse bias voltage is applied to a p— i— n diode of 
doping concentrations Na , Nj and respectively, there  is a corresponding increase 
in the depletion layer thickness by am ounts ALa and AL^ in the p— and n— 
doped regions respectively with a corresponding increase in the space charge of AQ 
a t each side of the diode junction.
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|A Q | =  |eN d ALd | =  |eN a AL^\ (3.6)
T hus, the junction capacitance Cj can be defined as the differential 
capacitance presented by the junction when a small a .c . voltage of am plitude AVa 
is superim posed on  a d .c . bias of Va :
dQ 
^a 'V aCJ -  dV I -  <3 - 7 >
T he definition leads to the expression for the junction  capacitance:
CJ "  A [ T V f  (N a+ N a)]*  [ (N d/N a >* + (Na /N d ) i  ] _ 1  ( 3 .8 )
w here A =  Device area ,
e = D ielectric constant of the sem iconductor, 
e 0=  Perm eability of free space,
Vt=  T otal junction voltage, including the built in voltage.
W hen the i— region, which in this case has residual p— doping, is not
com pletely depleted of carriers, then Nd> > N a and equ 3.8 can be reduced to:
■  1j  -  A [ ] y Na ( 3 . 9 )
H ow ever, when the i— doped region is com pletely depleted so that the two 
edges of the  depletion region lie within the p— and n— layers, the equation 3.9 is 
no longer valid. T he diodes for this work were designed to have Na=  Nd=  N, so 
allowing the following approxim ation to be m ade:
c .................*j -  A [ TV? ] yN ( 3 1 0 )
From  equations 3.9 and 3.10, it is apparen t that a plot of ( 1 /C 2) against Vt 
will yield straight lines from  which the doping concentrations can be calculated.
Experiment.
T he C— V m easurem ents were carried out using an Hewlet Packard 4275A 
LCR m eter. T he devices m easured, which were the same as those used for the 
I— V m easurem ents, were probed between the p— and n— ohm ic contacts and an 
a .c . voltage of 0.05V rms with a frequency of 1MHz applied to the device. This
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was superim posed on a d .c . bias voltage swept from  — 1 0  volts to +  2  volts and as 
the bias voltage was changed, the differential capacitance as defined in equation 3 . 8  
was m easured. The results of the C— V m easurem ents obtained for each of the 
grown wafers and the doping concentrations calculated from  these m easurem ents are 
presented  below.
C — V Results from  W afer M V348.
T he capacitance against voltage results for wafer MV348 were taken from  
m easu rem en ts  on devices with a mesa d iam eter of 180/un. Figure 3.11(a) shows the 
results for voltages in the range — 1 0  volts to +  2  volts p lotted as 1 / C 2 against
voltage and figure 3.11(b) shows the results of m easurem ents taken in the range
— 1 volt to +  1.4 volts, again p lotted as 1 /C 2 against voltage.
T he  1 /C 2—V characteristic of figure 3.11(a) has two linear regions. As the 
bias voltage was decreased, a change in gradient occurred at + 0 .5 V  as the  depletion 
region in the intrinsic region (residual p— doping) extended into the p— doped 
cladding layer. T he intrinsically doped region of the p— i— n diode was therefore 
shown to  be fully depleted  a t zero volts, and the en tire  M QW  region of the 
waveguide therefore experienced an electric field a t all bias voltages less than  + 0 .5  
volts. A t bias voltages less than  + 0 .5  volts, the gradient of the linear region of
the 1 /C 2—V plot is related to the doping concentration in the p—doped region. 
Substituting the gradient into equation 3.10 indicates a doping concentration  of 
8 .4 x 1 0 ’ 6c m "  3. The second linear region, shown in m ore detail figure 3.11(b), is 
seen for bias voltages from  0.5 to 1.3 volts. This corresponds to the depletion
region of the  diode being in the intrinsically doped M QW  region and a doping 
concentration in the i— region of 4 .6 x 1 0 ’ 5cm — 3 was calculated.
C— V Results from  W afer A77.
T he capacitance against voltage m easurem ents results for w afer A77 were taken 
from  m easurem ents on diode devices with a diam eter of 200/tm. Figure 3.12(a) 
shows a plot of 1 / C 2 against voltage in the range — 1 0  volts to + 1 . 2  volts and 
figure 3 .1 2 (b) shows the equivalent plot concentrating on the voltage range - 2  
volts to + 1 . 2  volts.
As with wafer MV348, there  are two linear regions in the 1 /C 2—V 
characteristic associated with the doping concentrations in the p— doped and
i— doped regions of the diode. T he change in gradient occurs a t zero bias voltage
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(a) C-V measurements to give doping concentration in the n-doped cladding.
(b) C-V measurements to give doping concentration in the i-doped MQW.
indicating tha t the i— doped region is just depleted with zero bias. Using equation 
3.10, the gradient of figure 3.12(a) at reverse bias voltages leads to a calculated
doping concentration  of 1 .8x10 1 6 cm— 3. Substituting the gradient of figure 3.12(b) 
for forw ard bias voltages up to 1.2 volts into equation 3.9 leads to a calculated
doping concentration  in the i— region of 1 .7 x l0 1 5 cm — 3.
C—V Results from Wafer A163.
D iode devices of diam eter 70 /un were used to  characterise the doping 
concentrations in the wafer A163. Figure 3.13(a) shows a plot of 1 /C 2 against 
voltage for bias voltages from  — 1 0  volts to + 2  volts and figure 3.13(b) shows a
plot o f 1 / C 2 against voltage for bais voltages from  — 1 volt to  +  2  volts.
T he two linear regions associated with the doping concentrations in the p— 
and i— doped regions are  again present as shown in Figure 3.13(a). The gradient 
o f the plot for the reverse bias voltages is consistent with a doping concentration 
of 5 x l0 1 5 cm ~ 3 in the p—doped cladding region. Figure 3.13(b) shows a plot of
1 /C 2 against voltage for bias voltages in the range — 1 volt to ■+■ 2  volts, for which
there  is a change in gradient o f the curve 1 / C 2 against voltage which occurs at
two bias voltages. O ne change occurs at zero bias and a second change occurs at
+ 1  volt bias. T he change in gradient at zero volts is likely to be the result of a 
change in perm itivity betw een the AlGaAs cladding and the M QW  region since the 
calculated depletion width a t zero volts is 0 .75 /un, consistent with the width of the 
intrinsic region in the design of wafer A163. T he gradient is consistent with doping
a concentration of 2 .5x10 1 4 cm “  3.
Section 3.3.6 Depletion Width and Field Distribution of Wafer MV348.
Using the analysis o f section 3.2.4 and the doping concentrations calculated 
from  C— V m easurem ents, a study of the field and depletion widths of wafer
MV348 was carried  out, both of these param eters being required for analysing the
results of the electro—optic effects in the m aterial.
T he doping profile o f the diode was shown, by C— V m easurem ents, to be 
Nd=  8 .4 x 1 0 ’ 6 cm — 3, N p  4 .6 x 1 0 1 5cm ~ 3 and Na=  8 .4x10’ 6cm “  3. T he width of the
intrinsic region was 0.55/xm and the built in voltage was 1.1V. Using these values,
the depletion width and the fields E , and E 2 were calculated for a range of
applied reverse bias voltages from  0V to 10V. T he resulting curves of depletion 
widths in the p— and n— regions against applied voltage is shown in figure
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(a) C-V measurements to give doping concentration in n-doped cladding.
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3.14(a), and the field strength E ,  against voltage is shown in figure 3.14(b).
It can be seen that the intrinsic region of the diode was com pletely depleted 
for zero  volts bias in agreem ent with the results from  the C— V m easurem ents and 
th a t there  is a significant increase in the depletion width with increasing reverse
bias voltage. This is the result of the low doping concentration in both the p—
and n— doped cladding layers of the waveguide, kept low to keep the free carrier 
absorption  to a m inim um . The variation in the field strength across the MQW  
region of 3 .5x10 4 V/cm is also larger than desired, but still within the limits 
specified by [M acBean '8 6 ]. This is due to the doping in the i—region of the 
diode being higher than designed.
Section 3.3.7 Conclusion.
T he M QW  waveguide wafers which were designed as shown in figures 3 .3—5
and grown by either M OVPE or M BE techniques were characterised using
photolum inescence techniques and I-V and C-V electrical probing. The results of the 
th ree  succesfully grown wafers (MV348, A l l  and A163) have been given and a 
sum m ary of the structures of the grown wafers are shown in table 3.1 below.
W afe r W ell W id th  
(nm)
A 1 mo 1 e 
F r a c t  io n
D o p in g  C o n c e n t r a t i o n
P / n / — 3\ * r  (cm 3)
MV348 8 . 5nm 0 . 2 8 .4 x 1 0 ’ 6 4 . 6 x l 0 1 5
M l 1 0 . lnm 0 .3 4 1 . 8 x l 0 1 6  1 . 7 x l 0 l s
A163 6 . 7 -  7 . 5nm 0 .3 5 x l 0 1 5  2 .5 x 1 0 14
TABLE 3 .1 :  Summary o f  th e  w a f e r s  grow n f o r  MQW w a v e g u id e s .
3 .4  FA BRICATION O F  ACTIVE STRIPE W A V EG U ID ES.
T he characterisation of the planar waveguiding structures MV348, A l l  and 
A163 had shown that these waveguide structures were suitable for fabricating 
electrically active waveguides. The stripe guides were required to be single mode 
with ohm ic contacts running continuously along the length of the guide. Standard 
photolithography techniques were used to define a negative pattern  of the stripe
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waveguides in photoresist, followed by therm al evaporation of the metal contacts 
and m etal lift off. T o form  the stripes of the waveguides, dry etching techniques 
were used with the m etal of the ohmic contact being used as an etch mask.
O hm ic contacts were also evaporated on the reverse side (N +  doped) of the
sam ple, allowing a voltage to be applied across the guide. The fabrication of the 
sripe waveguides is described in greater detail in the following sections.
Section 3.4.1 Photo lithography.
T he pa tte rn  of the stripe waveguides were defined onto samples of
approxim ate size 6 m m  x 7mm using photolithography techniques. The sample first 
had to  be thoroughly cleaned in analar grade organic solvents before beginning the 
photolithography. This reduced the am ount of dust particles on the sample which 
would in terup t the pa tte rn  of the waveguides in the photoresist. It also greatly
increased the adhesion of metals evaporated onto  the sem iconductor surface at a 
later stage. T he sam ple preparation  is summarised in the following steps:
(a)Soaked in trichloroethelene in an ultrasonic bath for Sminutes
(b)R insed and soaked in m ethanol in an ultrasonic bath for 5 minutes.
(c)R insed and soaked in acetone in an ultrasonic bath for 5 minutes.
(d)R insed in d e -io n ised  water and blown dry in dry nitrogen.
A positive photoresist (Shipley AZ1450J) dispensed onto the surface of the 
sam ple through a 0.45/im  filter was then spun at a speed of 8000rpm for 30 
seconds. This left a 2 .5 /xm thick film on the sam ple, with a build up of 
photoresist a t the sam ple corners of up to 50jim. The photoresist was cured by 
baking a t 8 5 °C for 15 minutes to drive off the solvents in the resist, soaking in 
chlorobenzene for 15 m inutes, blown dry and finally baked for a further 5 minutes 
at 8 5 °C. T he sam ple could then be exposed to u ltra -v io le t  light through a shadow 
mask which defined the pattern  of the waveguides. A diagram  of the mask used 
for fabricating stripe waveguides is shown in fig 3.15. It consisted of sets of 3,4 
and 5 /im wide waveguides with lOOjtm x 2 0 0 /an contact pads every 1 mm along the 
length of the waveguide. The sample and mask were m ounted on a mask aligner 
and the two brought into contact and exposed to 365nm u.v. light from a m ercury 
lamp for approxim ately 10 seconds. The u.v. light acts upon the photoactive 
com pound of the positive photoresist, rendering the exposed photoresist more 
soluble in the high pH developer. The exposed sam ple was then developed in 
Shipley m icroposit developer for 50 seconds, which rem oved exposed photoresist.
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Figure 3.15
Schematic diagram of the waveguide mask used to define 
the waveguide patterns during photolithography.
Soaking the sample in C hlorbenzene affects the wall profile of the developed 
photoresist, which assists in the lift off process described later, by hardening the 
photoresist. A fter soaking the sam ple for 15 m inutes, the photoresist is hardened to 
a depth  of approxim ately 0 .5 /un from  the surface of the film, so that the 
underlying photoresist is developed at a faster rate than the top surface, therby 
producing an overhang of the photoresist.
W hilst exposing the photoresist, the mask must be in intim ate contact with the 
sam ple if small features such as 3/un wide stripe waveguides are to be defined. 
Any air gap between the sam ple and mask leads to poor quality line definition 
because of the diffraction of light between the mask and photoresist. T he build up 
of resist a t the sam ple corners during the spinning process prevented good contact 
being m ade, and so had to be rem oved by introducing the following extra step to 
the photolithography. Before exposing the sam ple to the waveguide pattern , the 
sam ple edges were exposed and developed, removing the build up of photoresist at 
the edge of the sam ple. In this way a larger area of the sample was in contact 
with the m ask, reducing diffraction, and greatly improving the continuity of the 
waveguides.
Section 3.4.2 Fabrication of Ohmic Contacts to GaAs.
W ith a negative pattern  of the waveguides defined in the photoresist, the next 
step was to therm ally evaporate m etal contacts onto the sam ple. The metal 
evaporated  onto the sem iconductor surface then form ed a positive pattern  of the 
waveguides and acted as an etch mask during the dry etching process as well as 
form ing the electrical contacts to the waveguides. In addition to the contacts to the 
p— doped waveguide surface, contacts were required on the n— doped substrate, both 
of these contacts being required to be ohm ic. In term s of m etal/sem iconductor 
contacts, an ohmic contact is defined as one in which the voltage drop across the 
contact is negligible com pared with the voltage drop across the device [Roderick 
•88].
W hen a m etal and sem iconductor are brought into contact, the F erm i levels at 
the interface are pinned and band bending occurs. W hen the work function of the 
m etal is g reater than that of the sem iconductor, as is generally the case for metal 
to n— doped GaAs, the bands bend upwards. For a metal with a work function less 
than  th a t of the sem iconductor, as is generally the case for a m etal in contact 
with p— doped GaAs, the bands bend downwards. In both of these cases, the 
carriers encounter a Shottky barrier and the contact has a rectifying characteristic;
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not the  required  ohmic characteristic.
In o rder to achieve the ohmic characteristic, the doping level in the GaAs at 
the m etal/sem iconductor interface must be increased such that the barrier width is 
reduced, and the barrier appears alm ost transparen t to the carriers. Increasing the 
doping level was achieved by therm al evaporation of metals onto the GaAs and 
therm al annealing. A sum m ary of the m etals used and a brief explanation of the 
reactions taking place during the annealing for both n— ohmic and p— ohmic 
contacts are given below
N— O hm ic C ontacts.
T he m etals used to form  the n— ohm ic contacts were the well established 
com bination G e/A u/N i/A u [Patrick '8 6 ], therm ally evaporated in a vacuum a t a 
pressure of 2 x1 0 “  ^ T o rr and to thicknesses of 1 .6kHz/12kHz/700Hz/6kHz, as 
m easured a t a quartz crystal thickness m onitor. The contact was then annealed at 
340 °C  on a strip heater for 15 seconds in a reducing atm osphere of 5%  H 2  in 
Ar. T he reactions leading to the degenerate doping of the GaAs at the interface 
have been suggested by Ogawa et al '80 and is sum m arised below.
As the sam ple is heated (300°C), the GaAs begins to decom pose, mainly by 
the reaction  : Au •+■ GaAs -» AuGa ■+■ As. Ni takes a catalytic role, prom oting 
the reaction  by rem oval of As, form ing NiAs. At the higher tem perature of 340°C, 
the G e diffuses inw ard, partly being captured by NiAs and partly doping the GaAs. 
W ith the m etal/G aA s interface degenerately doped, the Shottky barrier is narrow ed 
such th a t carriers can readily tunnel through. T he top layer of Au on the contact 
is to reduce sheet resistance of the contact.
P— O hm ic C ontacts.
A com m on p— dopant in GaAs is Z n, and so is a natural choice for p— ohmic 
contacts [Sharm a ’81]. The m etal com bination used in this work was A u/Zn/A u 
therm ally  evaporated to thicknesses of 30nm /30nm /80nm  in a vacuum of 5x10“  6 
T o rr. T he  sam ple was RF cleaned by an A r plasma in the evaporation cham ber 
for 15 m inutes before the metals were evaporated [Hofler et al]. This rem oved the 
oxidised surface of the GaAs which would act to increase the potential barrier at 
the G aA s/m etal interface [Roderick ’8 8 ]. Annealing of the contacts was again a t a 
tem pera tu re  of 340°C for 15 seconds. At this tem peratu re, the Zn diffuses into the 
G aA s, leading to a degenerately p—doped G aA s/m etal interface, allowing carriers to
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tunnel through the narrowed Shottky barrier.
Lift— off
T o leave a positive pattern  of the waveguides defined by the metal contacts,
the m etal evaporated  onto  photoresist on the sam ple had to be rem oved /lifted off,
thus leaving a pattern  of the stripe waveguide defined by m etal on the GaAs 
surface and exposed GaAs else where. This lift off process was done by immersing 
the sam ple in acetone which disolves the photoresist and rem oves the metal not in 
direct contact with the GaAs. T he break between the m etal on the GaAs and the
m etal on the photoresist caused by the overhanging photoresist, speeds up the lift
off and gives a better defined m etal mask. W ithout the overhang, m etal was
evaporated  onto  the walls of the photoresist so th a t, after lift— off, thin trails of
m etal from  the wall of the photoresist rem ained attached to the edges of the
waveguide m ask, degrading the quality of the mask.
Section 3 .4 .3  D ry  E tch ing  of W aveguides
Reactive Ion E tching (RIE) in S iC l4  in a Plasma T ech 80 machine was used
for the etching of the waveguides to define the stripes. RIE was chosen in
preference to wet chem ical etching because the directionality of RIE leads to more 
vertical wall profiles. T he o ther available RIE system used the gas mixture of 
m ethane/hydrogen for the etching, but the etch rates obtained with this etch were 
considered to be too slow for etching 1.5//m  of AlGaAs. T he conditions used for 
etching the waveguides in S iC l4  were as follows: gas flow 25 standard cc/m in 
(seem ), cham ber pressure 10 m torr, dc bias of table 825 volts, RF power 100
W atts. T he etch  rate for these conditions was variable within the range 0.25/an/m in
to 0 .3 3 jun/m in, so for each batch of waveguides etched, calibration samples were 
etched to establish the etch rate.
O nce the waveguides were etched to the correct dep th , a. NiCr mask was 
rem oved from  the sam ple by immersing it in concentrated  HC1 for 15 seconds, 
rinsing in de— ionised water for 30 seconds and finally blown dry in dry nitrogen. 
This left etched stripe waveguides with ohmic contacts exposed on the surface. 
Figure 3.16 shows an s .e .m . m icrograph of a com pleted waveguide: figure 3.16(a) 
showing a 3^un wide waveguide with its lOO^un x 200 contact pad and figue 
3.16(b) showing a close up of the waveguide, giving an indication of the vertical 
wall profile.
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SEM micrographs of a fabricated stripe waveguide with an electrode 
running along the top of the stripe.
(a) Waveguide with contact pad
(b) Waveguide at the point where the contact pad joins.
T he ohm ic contacts on the top of the waveguides and on the reverse side of 
the sam ple could now be simultaneously annealed on a strip  heater, by heating the 
sam ple to 330°C  for 15 seconds as described in the previous section.
Section 3 .4 .4  C leaving and M ounting W aveguides.
T he proposed experim ents to be carried out using the fabricated waveguides 
required guides of 1 m m  in length or less and with high quality facets a t the guide 
ends to  give a good coupling efficiency of light into the waveguide. These facets 
were obtained by cleaving the sam ple along the crystallographic planes [1 1 0 ] and 
[irO ], using a diam ond stylus scriber to initialise the cleave.
T he guides also had to be m ounted so that a voltage could be applied across 
them  whilst light was end fire coupled into them . For this purpose, small
pcb 's  were designed tha t would fit between the microscope objectives of the end
fire rig whilst being held by a pcb edge connector. T he waveguide sam ple was 
bonded onto  the pcb, substrate down, using Johnson— M athey silver epoxy, which 
rem ained nonconducting until it had been cured at 140°C  for 15 m inutes. This 
curing was done in a vacuum oven to reduce the deposition of organic
contam inants from  the heated pcb onto the sam ple. T he waveguides fabricated and
m ounted were then  ready for electro— optic probing of the M QW  GaAs/AlGaAs.
SE C TIO N  3.5  IN ITIA L TESTIN G  O F  W AVEGUIDES.
Section 3.5.1 D ye L aser System.
T o study the wavelength dependence of the electro— optic properties of MQW  
m aterial at wavelengths close to the m aterial absorption edge, a c.w . Styryl—9 dye 
laser system was used as the light source. The tuning range of the laser was from 
790nm to 920nm , allowing experim ents to be carried out at photon energies close 
to the m aterial absorption edge.
T he dye laser was pum ped by a c.w. argon ion laser operating at 514nm with 
an  output power of 3.5W . The output of the argon ion laser was focused on to a 
high speed/high pressure je t of dye solution which passed through the folded cavity 
of the dye laser. T he dye solution was made with 165cm 3 of propylene carbonate 
and 1010cm 3 of ethelyne glycol to lg  of dye. The wavelengths a t which the dye 
lases is dependent on the wavelength at which the laser cavity is the least lossy
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within the dye fluorescence range. In the C oheren t 5 9 9  dye laser this was 
contro lled  by a 3 plate birefringent filter, with a 40GHz bandwidth, positioned at 
the Brewsters angle in the laser cavity. A full explanation of the lasing mechanism 
is given in reference [Schafer ’77].
Section 3 .5 .2  E n d —F ire  C oupling in  W aveguides.
O f the th ree main techniques used for coupling light into waveguides i.e. 
grating coupling, prism coupling and end fire coupling, the latter was adopted. The 
principle behind end— fire coupling is to m atch the field profile of the light being 
coupled into a guide to that of the guided m ode. Since the fundam ental guided 
m ode of a stripe waveguide is very sim ilar to the Gaussian beam  profile of the 
laser ou tpu t, coupling can be obtained by focusing the input beam down to the 
dim ensions of the waveguide a t the cleaved facet.
A  x40 microscope objective was used to focus the input beam  from  the dye 
laser on to  the waveguide end facet. T he coupling efficiency was highly sensitive to 
the focusing of the input beam  since any m ism atch between the beam  profile and 
guided m ode profile lead to loss from the guided m ode into radiation m odes. The 
m icroscope objective was therefore m ounted onto a m icrom anipulation block with 
d ifferential drives, allowing the positioning of the focused input beam to be 
controlled  to a resolution of 0.1 /un. Coupling losses were then limited by field
m ism atch and the quality of the cleaved facets. A microscope objective similar to 
the input objective was m ounted on a second m icrom anipulating block at the 
ou tput of the guide, allowing the waveguide output to be focused onto either a IR 
cam era o r Si detector. T he fabricated waveguides were m ounted on a device 
m anipulator, which was positioned betw een the m icrom anipulating blocks as shown 
in figure 3.17. The device m anipulator allowed sample movem ents of pitch, role, 
yaw and two degrees of m ovem ent in the plane perpendicular to the optical axis 
of the end fire rig.
Section 3 .5 .3  M ode Profiles of fabricated  waveguides.
T he fabricated stripe waveguides were required to be single moded and have 
tight confinem ent under the etched rib. T heir mode profiles were therefore
exam ined by end firing light from the Styryl— 9 dye laser into the waveguides and
observing the output mode using an I.R . cam era and T .V . m onitor.
Figure 3.18(a) shows a photograph of the output mode from a waveguide
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(a)
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Figure 3.17
(a)Photograph of the end-fire rig used for coupling light into 
the waveguides.
(b)A stripe waveguide mounted on the end-fire rig with an 
electrical contact probe to the waveguide contact pad.
Figure 3.18
Photographs of the output mode of stripe waveguides taken from 
the monitor screen.
(a)TEo mode from 3 |im wide waveguide MV348.
(b)TE0 mode from 3(im wide waveguide A l l .
fabricated  in wafer MV348. The width of the stripe was 3/tm and the waveguide 
was etched  to a depth of 1 .6 /un, leaving a cladding layer of thickness 0 .2 /un 
beyond the stripe. T he waveguide propagated only the lowest order m ode, and is 
seen here  propagating the T E Q mode. Figure 3.18(b) shows a similar photograph of 
the ou tpu t m ode from  a 3/un wide stripe waveguide fabricated in wafer A77. T he 
rib was etched  to a depth of 1 .5/un, leaving a cladding layer of 0.3/un beyond the 
stripe , and the waveguide is shown here propagating the T E 0 mode.
Section 3.5.4 Fabry—Perot Loss Measurements in Stripe Waveguides.
If the loss in a waveguide is low enough that multiple cavity transmissions 
through the waveguide cannot be neglected, then changing the optical path  length 
of the  waveguide results in Fabry— P ero t resonances in the transmission. The 
transm ission through the waveguide is represented  by:
T “  (1-R A ) 2 + °4 R A s in 2 ( 5 /2 )  C3 - 1 *)
w here A is the intensity loss per pass, R is the reflectivity at the facets and 5 is 
the detuning off the high transmission resonance. A  m onochrom atic light source is 
assum ed in the above expression. The resonant transmission (T r) and antiresonant 
transm ission (T a) are thus given by:
T r -  (1 -A R ) 5 Ta “  (1+AR ) 2 ( 3 -1 2 )
F rom  the resonant and antiresonant transm issions, the absorption in the waveguide
(T  dB/cm ) can be then  calculated using the expression:
r -  - 1 0 1 ° S ,o [  ] ( 3 .1 3 )
w here k=  T r/T a  and R is the reflectivity a t the waveguide facets.
T o  carry  out the Fabry— Perot loss m easurem ents, light from  the dye laser at 
a wavelength of 900nm was end fired into the waveguide. The transm ited light was 
focused onto  a Si detector and the signal from  the detector was am plified using a 
lock— in am plifier. Because of the short length of the waveguides and the low 
absorption  in the GaAs substrate at this wavelength, radiation modes transm ited
through the device substrate were visible on an IR cam era. A slit was therefore 
placed in fron t of the detector to prevent this light and light passing over the 
surface of the waveguide from  being m easured with the guided m ode. The
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transm ission through the waveguide was then m easured as the optical path length of 
the waveguide was changed as the waveguide was heated.
T he experim ent was carried out for 3 /tm wide stripe waveguides fabricated in 
wafer MV348 and the factor 'k ' in equation 3.13 was calculated from the resonant 
and an ti— resonant am plitudes in the transmission. From  these m easurem ents, an 
a ttenuation  of 10.5dB/cm  for T E  and lO .ldB /cm  for TM  polarisation in the 
waveguides a t a wavelength of 897nm was m easured.
Section 3.S.4 Transmission Measurements In Stripe Waveguides.
W ith the absolute attenuation in the waveguide o( X 0) known for one 
wavelength, the attenuation at o ther wavelengths could then be calculated by 
m easuring the change in transmission as a function of wavelength.
Light from  the Styryl— 9 dye laser was endfired into the waveguide. The 
power from  the laser varied with wavelength, and so a beam splitter and Si 
detector were used to m onitor the incident power on the waveguide. The light 
transm itted  through the waveguide was m onitored using a similar detector, and the 
output o f each detector was fed to lock— in am plifiers. This allowed m easurem ents 
of input and ou tput intensities at discrete wavelengths to be simultaneously recorded 
on a dual channel chart recorder, and the changes in transmission through the 
waveguide to be norm alised.
Section 3.5.6 Absorption Near The Band— Gap Of MV348 MQW Stripe 
Waveguides.
T he transm ission as a function of wavelength in 3/un wide stripe waveguides 
fabricated in wafer MV348 was measured at wavelengths appoaching the absorption 
edge. T he  absorption for both T E 0 and T M 0 modes are shown in figure 3.19. 
T he absolute loss values at 897nm were obtained using the Faby— Perot m ethod 
and the change in absorption at subsequen t wavelengths m easured from  this 
reference. The absorption for both T E 0 and T M 0 modes show the sharp rise 
associated with the quasi 2 — dimensional density of states and the highly anisotopic 
absorption due to the loss of the heavy hole transition for TM  polarisation [W einer 
et al '85(a)] is dem onstrated, with a subsequent shift in the absorption edge of 
approxim ately 8 nm .
T he high absorption measured at the long wavelengths («10dB/cm ) is likely to
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Figure 3.19
Absorption at wavelengths approaching the band gap of 
3(im wide stripe waveguides in material MV348 for both 
TE polarisation ( ej ) and TM polarisation (♦ ).
be the result of the Fabry— Perot measuring technique, since using a light source 
with a relatively large bandwidth (40GHz for the dye laser) has the effect of 
reducing the peaks and toughs in the Fabry— Perot resonances. This then gives the 
appearance  of high absorption.
Section 3.6 Conclusion.
M QW  GaAs/AlGaAs waveguide structures were designed for the purpose of 
studying the electro— optic effects exhibited by the MQW structures. The 
characterisation  of the wafers grown showned that they were suitable for the 
fabrication of electro— optic waveguides m odulators. Stripe waveguides with ohmic 
contacts running along the stripe were fabricated on the m aterial and shown to 
support the  single modes T E 0 and T M 0. By studying the polarisation anisotropic 
absorption  in the waveguides, it was dem onstrated that there  was suitable 
confinem ent of the guided mode to the M QW  waveguide layer.
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C H A PT E R  4 E L E C T R O - ABSORPTION IN M Q W  GaAs/AlGaAs.
Section 4.1 IN TR O D U C TIO N .
M ultiple quantum  well m aterial has shown great potential in electro— optic 
devices in waveguide structures [Zucker et al ’89(b)] using the e lec tro -ab so rp tio n  
and elec tro— optic effects at wavelengths close to the band— gap. Devices using 
electro— absorption have received a great deal of attention  in recent years both 
experim entally  through high speed devices [W ood e t al ’84], low loss devices 
[K oren e t al ’87(b)] and using interm ixed quantum  wells [Ralston et al ’89].
T h e  electro— absorption in M Q W 's at the band— gap is dom inated by the 
quantum  confined Stark effect (Q CSE), as described in cahpter 2. T he M QW  
waveguide m aterial grown and characterised (ch ap te r  3) was used to study the 
e lectro— absorption effect in quantum  wells by measuring the photocurrent spectra 
from  the m aterial under reverse bias conditions. Also, the spectral variation of the 
absorption  in a waveguide configuration is studied experim entally by measuring the 
transm ission through a waveguide stucture in a large electric field.
Section 4.2 PH O TO C U R R EN T SPECTROSCOPY.
Photocurren t spectroscopy is an effective m ethod of studying the absorption 
and elec tro— absorption in quantum  well m aterial [Collins et al '8 6 , Yamanaka et al 
’8 6 ] w hich, in contrast to transmission m easurem ents, gives a large signal a t spectral 
regions of high absorption. Photocurrent m easurem ents were carried out on devices 
fabricated  on the wafers MV348 and A77 which were described in chap ter 3.
These m easurem ents were carried out prim arily to assess the quality of the m aterial 
and exam ine the quantum  confined Stark shift exhibited by the m aterial. A
discussion of the photocurrent spectroscopy m easuring technique is given below
followed by a dicussion of the results obtained from  samples of MV348 and A77.
Section  4.2.1 T heory  of P hotocurren t Spectroscopy.
In photocurren t m easurem ents, light incident on the sample creates free 
electron hole pairs and the resulting curren t is detected. The largest num ber of
free carriers are created at the spectral regions of high absorption. W ithin the 
depletion region of a p— i— n junction, the e le c tro n -h o le  pairs created which would
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norm ally recom bine within the diffusion length, are swept apart by the Electric 
field, giving rise to a photocurrent [W hitehead et al ’8 8 (a)]:
i ( F , X ) -  P (X ) (1 -R )  (X e /h c )  77(F )
x {l - e x p [ - a ( F , X ) /} ( 4 .1 )
where P( X)= Incident Power at wavelength X 
R =  Reflectivity of sample 
rj =  In ternal Q uantum  Efficiency 
F =  electric field strength 
o (F ,X )=  A bsorption coefficient.
Xe/hc= Conservation of charge and energy.
M easuring the resultant current gives a m easure of the absorption in the 
m aterial. In the case where od< <  1, the photocurrent is directly proportional to the 
absorption coefficient in the m aterial, allowing the wavelength dependence of a  to 
be calculated from  the photocurrent.
At low tem peratures, tunneling of carriers through the potential barriers
m aterial o f the M QW  m aterial in an electric field is thought to be responsible for 
the transport through the M QW  [Collins et al ’8 6 ] since rj increases with
decreasing barrier width [Yamanaka et al ’8 6 ]. At room  tem perature, the high 
longitudinal optical (LO) phonon density is responsible for the transport of carriers 
over the barriers through collisions [Deveaud et al *8 8 ].
As the electric field applied to a sample is increased, 17 increases rapidly,
since the transport efficiency of the free carrie rs  increase4 with field strength. The 
presence of an  electric field leads to the spatial separation of the electron and
hole within a quantum  well, increasing the radiative recom bination time [Miyoshi et
al '8 6 , M endez e t al ’82]. The phonon collision probability is thus increased and 
the creation  of free electron hole pairs is increased.
Section 4.2.2 Features of Photocurrent Spectra In MQW Semiconductors.
T he photocurren t spectra of M QW  sem iconductors in a large electric field 
show som e distinct and interesting features. Before discussing the results obtained
from  the sam ples fabricated in this work, it is worth while introducing some of the
features observed and the origins of these features.
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Forbidden Transitions in Quantum Weils.
P hotocurren t spectroscopy shows peaks associated with interband transitions 
which, for M QW  m aterial in a large electric field, include some transitions which 
are forbidden in zero field [Miller at al '81(b)]. In a MQW  sem iconductor, carriers 
are  confined to the potential wells in eigenstates which form  an orthonorm al basis 
set. If the eigenfunctions in the conduction and valence bands are identical, then 
there  is a strict selection rule for transitions governing interband transitions: 
An= ne— n ^ =  0  where ne and n^ are the quantum  num bers of the confined states. 
In a real sem iconductor quantum  well, the eigenfunctions of conduction band 
electrons and valence band heavy and light holes are not identical, and so the 
finite overlap of the eigenfunction leads to interband transitions corresponding to 
An= 2 p + 1 becom ing allowed, where p is an integer, although weakly as the overlap 
of the two states is small.
W hen an electric field is applied perpendicular to the plane of the quantum 
wells, the  perturbed  eigenfunctions become asymmetric. The perturbation leads to a 
fu rther increase in the overlap of the eigenfunctions associated with interband 
transitions An= 2 p + 1, and the oscillator strength between these transitions becomes 
increasingly strong. These transitions, refered to as forbidden transitions, become 
allowed in the presence of a large electric field. Forbidden transitions in quantum  
wells in an electric field were first observed in by photolum inescence m easurem ents
[M iller e t al '81(b)] and later studied in greater detail by photocurrent
m easurem ents [Collins e t al '8 6 ]
T he appearance of forbidden transitions in the absorption spectrum  of the 
m aterial is accom panied by a corresponding quenching of the absorption of the 
zero field allowed transitions [Iwamaru et al '85]. This is a direct result of the 
absorption sum rules [M iller e t al '8 6 (a)] which states that the net change in 
absorption in the m aterial must be zero. Assuming that the hh and lh transitions 
are  com pletely decoupled, the sum rule for heavy hole and light hole transitions 
operate  independently. This leads to a marked difference in the quantative 
behaviour of the oscillator strengths of these transitions in an electric field.
T he well strength param eter ( 7 ) of heavy hole eigenfunctions is large
com pared with the light hole and the conduction band eigenfunctions (which have
com parable 7 's). Since the penetration of the hh eigenfunction is sm aller, the 
asym m etry of the heavy hole eigenfunctions in the presence of an electric field is 
larger than  the lh and conduction eigenfunctions. The overlap of the heavy hole
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and conduction band eigenfunctions associated with forbidden transitions therefore 
increases and the oscillator strength of these transitions becomes strong, and a 
decrease in the allowed heavy hole transitions occurs. In contrast, the oscillator 
strength  of the light hole forbidden transitions do not increase greatly with field 
because penetration  of the wavefunction into the barrier is reduced and the 
quenching of the light hole transitions with electric field is much less.
Exciton Broadening.
T he excitonic peaks as m easured by photocurrent have associated line w idths 
which are the result of both homogenous and inhomogenous broadening. The 
inhom ogenous broadening is dom inant and is related to the m aterial quality and the 
variations in the magnitude of the electric field across the i— doped region of the 
p— i— n diode [Stevens et al 8 8 ].
T he  hom ogenous broadening is mainly related to the life time of the exciton. 
T h ree  possible mechanisms limiting the exciton life time are LO phonon 
in teraction , tunnelling through the barrier and electron hole recom bination [Stevens 
et al '8 8 ]. At room  tem perature, phonon interactions dom inate the lifetim e and 
lead to an estim ated exciton life time of 300fs [Chemla et al ’85]. With this 
lifetim e there  is a spread of exciton energies through the Heisenburg uncertainty 
principle and therefore an associated linewidth (d»»). In an electric field, the 
exciton lifetim e is reduced since the electron and hole are spatially separated , thus 
leading to  further homogeneous broadening of the exciton peak in an electric field.
T he exciton broadening is, however, dom inated by inhomogeneous broadening. 
T he two m ain mechanisms leading to this broadening are variations in the well 
widths and variations in the electric field strength across the M QW  structure in a 
p— i— n diode. Broadening through well width variation can occur in two ways. 
Firstly, there  can be a variation in the width from well to well of one o r two 
m onolayers, giving the excitons of each well different resonant energies [Chem la et 
al '84]. T he separation of these energies is small and leads to a broadening of the 
exciton peak of the M QW  structure ra ther than giving a resolved peak for each 
well. Secondly, there can be well width fluctuations within a single well, as a result 
of interface roughness between the heterostructure layers. These take the form  of 
m onolayer islands or valleys [W eisbuch et al '81], and affect the resonant energy 
of the exciton. It is interesting to note that the line width of excitons in high 
purity  bulk GaAs [Dow et al '70] is less than that m easured in M QW  
G aA s/A lG aA s [Chemla at al ’85], indicating that the interface roughness is the
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dom inant m echanism  for exciton broadening [Juang et al ’8 6 ].
T h e  exciton broadening associated with the variation in the electric field 
strength  across the M QW  leads to a broadening of the peaks which increases with 
electric field strength. An MQW  structure within the depletion region of a p— i— n 
diode experiences a variation in field strength due to residual doping in the 
intrinsic region [Newson et al ’87], so each well experiences a different field 
strength  and , since the resonant energy of the wells is strongly field dependent 
[M iller et al '84], there is a broadening in the absorption spectrum . As an
increasing reverse bias voltage is applied to a p - i - n  diode, the magnitude of the 
field increases, whilst the variation in field rem ains constant. However, because the 
resonan t energy of the wells varies quadratically with field, the variation in
resonan t energies in wells across the depletion region increases, leading to a line
w idth w hich increases with field strength [Stevens ’8 8 ].
A field dependent hom ogeneous broadening of the excitons in quantum  wells is 
observed which is related to the tunneling of electrons through the barriers and 
into ad jacen t wells [Hong et al '87(b)]. T he tunneling increases with electric field 
strength  and leads to a broadening similar to that of the Franz— Keldysh effect.
Section 4.2.3 Experimental Method.
A lthough photocurrent can be used to measure the absolute absorption 
coefficient in the m aterial [W ood '8 6 ], in this work it was used to exam ine 
qualitatively the QCSE exhibited by the M QW  wafers. Examining equation 4 .1 , it 
is ap p aren t th a t to see fine structures in the absorption spectrum  such as excitonic 
peaks of M QW  m aterial, a sample with a small c*L is required. In a waveguide, 
the long interaction length (ie the length of the waveguide) and the large num ber
of wells in the samples considered here lead to a large value of oJL and to the 
loss of the fine structure in the photocurrent spectra [M acBean '8 6 ]. Devices were 
therefo re  fabricated such that the photocurrent could be m easured with light at 
norm al incidence to the MQW  layers, thus reducing the interaction length to O.Sjrni 
(the  dep th  of the M QW  region).
Device Fabrication.
T he devices used for photocurrent m easurem ents consisted of a 200jim 
d iam eter ohm ic contact with a 50/un diam eter aperture in the centre. Mesa 
structures were form ed with the devices, etched to a depth below the i— n junction
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Figure 4.1
S.E.M. micrograph of an array of photocurrent devices, 
with one device contacted with ultrasonically bonded Al wire
in the m aterial to isolate individual devices. The pattern  of a device was defined 
photolithographically  onto the p— doped surface of the sam ple as described in 
chap ter 3 and a p— ohmic contact, identical to the contacts used on the
waveguides, was evaporated onto the sample. After l i f t - o f f ,  the pattern  of a 
200/xm diam eter ohmic contact disc with 50/xm diam eter aperture was defined on 
the sam ple. Mesa structures containing individual devices were then form ed by wet 
etching the sam ples in a solution of H 2S 0 4 :H 20  2 :H 20  (1:8:1 vol/vol)) for 30 
seconds which etched the GaAs to a depth of approxim ately 3/xm. The ohmic
contacts and  apertu re  were protected with a photoresist mask during the etching. 
An n— ohm ic contact was then evaporated onto the back of the sample and both 
contacts sim ultaneously annealed.
T he com pleted sample was bonded onto a p .c .b . m ount with silver epoxy, and 
contacts o f the individual devices were connected by ultrasonically bonded 
alum inium  wires from  the p .c .b . mount onto the top contact of the device. Figure
4.1 shows an  S .E .M . micrograph of a com plete bonded device. Typical electrical
characteristics of the devices showed dark currents of lOnA for 10V reverse bias 
and the reverse bias breakdown voltages of devices on wafers MV348 and A77 
were 42V and 80V respectively.
Experiment
T he experim ental arrangem ent for photocurrent m easurem ents is shown figure
4.2 together with a diagram of the equivalent circuit of the device. Light from  a 
tunable Styrly— 9 dye laser was focused onto the aperture  in the contact of a 
device a t norm al incidence using a microscope objective. The power incident on 
the sam ple was kept below 100/xW (focused to a spot of diam eter 50 /xm) to 
prevent both non linear effects and saturation of the exciton peak in the absorption 
[Chem la e t al ’85]. T he polarisation of the light was in the plane of the well, so 
that transitions from  both light and heavy holes were present in the absorption 
spectrum  [W einer e t al '85(a)]. Absorption of light in the p -  doped cladding layer 
of the waveguide structures was negligible because of the larger b a n d -g a p  of the 
AlGaAs com pared with that of the quantum well layers. Any absorption in the
AlGaAs layer would not contribute to a net photocurrent because of the absence of
an electric field outside the depletion region of the p— i— n structure.
T he light absorbed in the depletion region of the diode gave rise to a 
pho tocurren t from  the sample and hence a voltage V 0 across the 1 0 kT2 load
resistor. The laser light was chopped at 1 kHz so that the voltage representing the
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Figure 4.2
Photocurrent in MQW p-i-n diode
(a)The equivalent circuit of the device and experimental set-up
(b) Schematic diagram of the experimental arrangement.
pho tocu rren t a t the load resistor could be measured with a lo c k - in  am plifier. The 
ou tpu t signal from  the lock— in am plifier was recorded on a chart recorder whilst 
the light from  the Styryl— 9 Dye laser was tuned through the absorption edge of 
the m ateria l a t a rate of approxim ately 0.3nm /second. The photocurent spectrum  
was m easured for a num ber of applied reverse bias voltages. The experim ent was
carried  ou t for devices fabricated in samples from wafers MV348 and A l l  to 
dem onstrate  qualitatively the effect of an electric field on the absorption of the 
m aterial.
Section 4.2.4 Photocurrent in MV348: Results and Discussion.
T he photocurren t spectra taken from  a device fabricated on wafer MV348 
sam ple a t various reverse bias voltages is shown in figure 4.3. A copy of the trace 
of the  zero  volt spectrum  is shown, and the spectra for o ther voltages show the 
outline of the absorption which are off set for clarity. The zero volt spectrum  
shows the excitonic absorption edge; the peaks of the e l —hhl and e l — lhl exciton 
transitions clearly resolved at wavelengths of 845nm and 839nm respectively. From  
the peak positions of the excitons, the well width was estimated to be 8.5nm  using 
a com puter program  written by Mr. B.S. Bhumbra form ulated on the model of 
[Kawai e t al ’84]. The heavy hole transition has a half width at half maximum 
(H W H M ) of 5 .5nm , as measured on the low energy side of the peak. Measuring 
the w idth of the light hole transition is made more difficult because of the
presence of the 2— D continuum  on one side and the heavy hole transition on the
other. H ow ever, it is apparent that this transition is broader than the heavy hole
transition . T he peak of the light hole transition is lower than the heavy hole
transition , but the ocsillator strength of the transition com pared to the heavy hole
transition  does not dem onstrate the 3:1 ratio expected [W einer et al '85(a)].
U nder a reverse bias voltage, an exciton peak associated with the forbidden 
transition  e l - h h 2  increases with increasing electric field strength, the exciton peaks 
begin to broaden and there is a reduction in the oscillation strength of the zero 
volt allowed transitions as expected. T here is also the pronounced red shifting of
the exciton peaks due to the quantum  confined Stark effect [M iller et al ’85]. The 
progression of the peak positions of the e l —hhl and e l —lhl transitions with field 
are shown in figure 4.4. Because the shift of the exciton peaks is quadratic with 
electric field strength E [Bastard et al ’83], the energy shift of the peaks has been 
fitted to the quadratic:
AE= a F 2 (4.2)
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Figure 4.3
Photocurrent Spectra of MQW material MV348 under reverse bias conditions. 
The measured photocurrent is in arbitrary units. The different spectra are off set 
for clarity and the peaks are labeled according to the exciton transition.
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Figure 4.4
Peak position o f exciton transition (a) e l-hh l and (b )el-lh l as 
a function o f E field strength in MQW sample MV348. ^
In both cases the shift of the peak has been fitted to a quadratic: AE =aF" :
(a) For the heavy hole transition, a=1.53xlCT® meV/(V/cm).
2
(b) For the light hole transition, a=1.20xl0'9 meV/(V/cm).
w here AE is the  shift o f the peak  in m eV , F  is the field stren g th  and  'a ' is a 
constan t. T h e re  is a good fit fo r both  transitions, w ith a =  1 .53x10“  9 m eV /(V /cm ) 2
and  a = 1 .2 x l0 — 9 m eV /(V /cm ) 2 fo r the heavy and light hole transitions respectively.
U sing data  taken  from  [M iller e t al '85], a com parab le  value of a = 1 .9 9 x l0 — 9 
m eV /(V /cm ) 2 was ca lcu lated  [M acB ean '8 6 ].
T h e  energy  o f th e  heavy ho le  transition  is seen to  sh ift fro m  845nm  a t zero 
volts to  865nm  a t 10 volts reverse bias, whilst a slightly sm aller sh ift from  839nm
to 853nm  is seen fo r th e  light hole transition . T h is d iffe ren ce , re flec ted  in the
values of th e  co nstan t 'a '  in equation  4 .2 , is to  be expected  since th e  energy  shift 
is p ro p o rtio n a l to  th e  effective m ass [B astard  e t al '83 , M iller e t al ’84],
Section 4.2.5 Results and Discussion for Sample A77.
T h e  absorp tion  spectra  of a p h o to cu rren t device fab rica ted  on  w afer A77 
u n d er d iffe ren t reverse  bias conditions is shown in figure 4 .5 . A gain , th e  zero  volt 
trace  is show n and  with the  ou tline of the reverse biased spectra  off set for
clarity . T h e  positions o f the  zero  volt excitons associated w ith th e  e l — h h l and
e l —lh l transitions a re  a t 851 nm  and  845nm  respectively and  from  these  positions, 
the  well w idths w ere calcu lated  to  be 9 .7nm , close to  th e  value of lO .ln m  
estim ated  from  photo lum inescence  m easurem ents. T he  H W H M  line w idth o f the
heavy hole  transition  was m easured  to  be 4 .3nm  and , as w ith M V 348, th e  line w idth 
o f the  light ho le  transition  was b roader. In this m ateria l, th e  re la tive peaks o f the 
two transitions a re  seen to  be closer to having the  3:1 ra tio  p red ic ted  by sym m etry  
[W einer e t al '85(a)]. T h e  absorp tion  spectrum  also apears to  have th e  shape close 
to  the  em pirica l fit [C hem la e t al '85]: two G aussian peaks, th e  light ho le  line 
w idth being larger th an  th e  heavy hole and  the  peak  being low er.
T h e  forb idden  transitions a re  m uch m ore p ro m in en t in this m ateria l th an  in 
M V348, w ith exciton  peaks associated with the transitions e l —h h 2  and  e2—h h l
show ing strong  oscillation strengths and  the transition  e l — hh3 show ing up
weakly in th e  spectrum  taken  a t a reverse bias voltage of 6  volts. U sing the  m odel 
p resen ted  by [Kawai e t al '84], the  peaks in the p h o to cu rren t spec tra  th a t w ere 
associated w ith the  fo rb idden  transitions w ere identified:
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Figure 4.5
Photocurrent Spectra of MQW material All under reverse bias conditions.
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Peak position o f exciton transition (a )e l-h h l and (b )e l-lh l as 
a function o f E field strength in MQW sample All.
In both cases the shift o f the peak has beeen fitted to a quadratic: Ae  = aF
-9 2
(a) For the heavy hole transition, a = l .68x10 m eV/(V/cm )
-9 2
(b) For the light hole transition, a = l.08x10 m eV/(V/cm ).
T r a n s  i t  i on C a l c u l a t e d  W a v e l e n g t h M e a s u r e d  W a v e l e n g t h
e l - h h 2 839nm 8 3 8 . 5nm
e 2 - h h l 797nm 8 0 5 . 6nm
e l - h h 3 822nm 820 nm
T ab le  4 .1 : W avelengths of forb idden  transitions in  A77 M Q W  
m ate ria l, as ca lcu lated  from  Kawai e t al '84 and  m easured  from  
p h o to cu rren t spec tra .
It is w orth  while noting  th a t all the  fo rb idden  transitions observed involve
heavy ho le  sta tes. T his is consistent w ith the  larger asym m etry  experienced  by 
these eigenfunctions in  an  electric  field. As a resu lt o f the  large increase in heavy 
hole fo rb idden  transitions com pared  w ith the  light ho le  transitions, th e  e l —h h l 
transition  peak  is rap id ly  quenched  and  the  oscillation stren g th  falls below  th a t o f 
the e l —lh l tran sitio n , as the  sum  rule [M iller e t al ’8 6 (a)] o f the  hh  and  lh 
transitions o p e ra te  independen tly  of one ano ther.
T h e  p ro n o u n ced  shifting of the exction peaks to low er energ ies is again 
p resen t in th e  m a te ria l, and  plots o f the  position of the  e l —h h l and  e l —lh l 
exciton  peaks against e lectric  field streng th  a re  show n in figure 4 .6 , w ith the 
energy sh ift o f th e  peaks fitted  to  equation  4 .2 . T o  o b ta in  field  streng ths
com parab le  to  those applied  to  MV348 devices, larger voltages had  to  be applied  
because o f the  larger ex tension  of the  depletion  region o f A l l  d iodes in to  the  p— 
and n— doped  regions. T hus, a voltage of 10 volts leads to  field streng ths of 
1 .5 x 1 0 5 V /cm  and  1 .1 x 1 0 5 V /cm  in sam ples M V348 and  A l l  respectively . T h is 
d ifference should  be taken  in to  account w hen com paring  figures 4 .3  and  4 .5 . In
fitting th e  exciton  resonance  energies to equation  4 .2 , the energy  o f the  e l —h h l 
tra n s itio n  ap p ears  to  vary quadratically  only only up to  field streng ths of 1 .1 x1 0 5 
V /cm . H ow ever, th is could be due to  poor exciton  peak  reso lu tion  a t high fields, 
since the  transition  is extensively quenched as the  hh  forb idden  transitions begin to 
dom inate . T h e  curves are  fitted  with the  coeffic ien t 'a '  w ith values of 
a=  1.68x10"" 9 m eV /(V /cm ) 2 and  a =  1.08x10“  9 m eV /(V /cm ) 2 fo r the  heavy and  light 
hole respectively . T hese  a re  com parable  with the values ob ta ined  fo r bo th  M V348
and the  data  published by [M iller e t al ’84]. T he shift o f the  heavy hole is again 
larger th an  th e  light hole transition  and the shift quadratic  w ith field streng th .
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T h e  reso lu tion  of the  exciton  peaks is m uch b e tte r  in th is m ateria l than
M V348 and  this is due to a num ber o f reasons. T h e  sm aller nu m b er of wells
m eans th a t any varia tion  in well w idth will have less of an  e ffec t: th e re  will be 
less well to  well varia tion  and  the  num ber of h e te ro stru c tu re  in te rfaces is reduced , 
reducing  the  well fluctuations th rough island fo rm ation . A lso, th e  low er doping
co n cen tra tio n  in th e  in trinsic layer of A l l  leads to  a sm aller varia tion  in the
electric  field  streng th  across the  M Q W  region and  hence  reduces the  varia tion  in
resonance  energ ies o f the  indvidual wells.
Section 4.3 ELECTRO-ABSORPTION IN MQW STRIPE WAVEGUIDES.
T h e  need  fo r im provem ents in m odulators in in teg ra ted  optics has lead to  the  
in te rest in  th e  e lec tro— absorp tion  effect in m ultip le quan tum  well m ateria l. D evices 
have been  d em onstra ted  in a p lanar configuration  w ith light p ropagating  
perp en d icu la r to  th e  quan tum  well layers [Singh e t al '8 8 , W ood e t al '84] and  in
a w aveguide configuration  [M acB ean e t al '87]. In  th e  la tte r  con figu ra tion , the
devices a re  com patab le  w ith m onolith ic in tegration  o f devices w ith sem iconducto r
lasers and  the  an iso trop ic  n a tu re  o f quantum  wells w ith po la risa tion  can  be 
exam ined  [W einer e t al '8 6 (b)].
Section 4.3.1 Experimental Method.
A  study of th e  w avelength sensitivity o f the  th e  e lec tro — abso rp tio n  effec t in 
the stripe  waveguides fab rica ted  in the  M Q W  m ateria l was ca rried  ou t. S tripe
loaded waveguides w ith ohm ic contacts on  the  p— and  n— faces w ere fab rica ted  in 
sam ples of M V348 and  A l l ,  cleaved to  lengths of 1m m  and  m o u n ted  as described 
in ch ap te r  3. T o  exam ine the  e lec tro—absorp tion  in the  w aveguides, light from  a 
tunable  Styryl— 9 dye laser was end  fired  into the w aveguide w hilst applying a
voltage to  the  w aveguide via a p ro b e , as shown in the  p h o to g rap h  in figure 3.17. 
T he  change in transm ission th rough  the  waveguide a t a fixed w avelength  was 
m easured  as th e  voltage applied  across the  w aveguide was step p ed  up  from  zero
volts to  10 volts. T h e  laser light was chopped  a t 1kH z befo re  being end  fired  into
the w aveguide to  allow  the  use o f a lock— in am plifier, and  th e  tran sm itted  light 
was focused o n to  a Si d e tec to r. A  horizon tal slit was p laced  befo re  th e  d e tec to r to 
reduce th e  am oun t o f unguided light incident on the  d e tec to r. T h e  voltage source 
to the  w aveguide was a D igital to A nalogue C onverter (D /A C ) o f an  IB M /PC  and 
the am plified  de tec to r signal from  the lock— in am plifier was m easured  by an  
A nalogue to  D igital C on v erte r (A /D C ) o f the  IB M /PC . T he  ex p erim en t was carried
61
out using M V348 and  A77 3 jun wide stripe  w aveguides w ith p ropagating  m odes
T E 0 and  T M 0, and  the results a re  p resen ted  below.
S ec tion  4 .3 .2  E lec tro — A bsorp tion  In  M V 348 S trip e  W aveguides.
T h e  e lectric  field dependence  of absorp tion  in MV348 w aveguides was 
exam ined  and  the results o f the  change in absorp tion , m easured  in dB /cm  a t a 
range o f d iscrete  w avelengths app roach ing  the  band gap are  show n in figures 4.7 
and  4 .8  fo r the  T E 0 and  T M 0 p ropagating  m odes respectively. All m easu rem en ts 
w ere m ade a t p ho ton  energ ies below  th e  band  gap, ranging from  75m eV  to  34m eV  
below  th e  e l  — h h l exciton  transition  fo r T E  polarisation  and  85m eV  to  36m eV
below  th e  e l — lh l exciton  transition  fo r T M  polarisation .
T h e  m easured  absorp tion  change shows th e  expected  increase in  abso rp tion  
associated  w ith the  shifting of the  exciton  peaks via the  quan tum  confined  S tark  
effec t (Q C S E ) [M iller e t al '84]. T h e  p h o to cu rren t m easurem ents tak en  from  a 
sam ple of MV348 and  p resen ted  in section  4 .2 .4  show  th a t the  m ateria l does
exh ib it a good Q C SE and  it is o f value to  discuss the e lec tro— abso rp tion  results in
re la tio n  to  these  m easurem ents. A t th e  w avelengths close to  th e  abso rp tion  edge, 
the  large Aa begins as soon as the  voltage is app lied  to  the  guide. F o r in stance , a t 
865nm  (20nm  from  th e  band—gap fo r T E  polarisation) an  abso rp tion  change (Aa) 
of 50dB /cm  was m easured for a revese bias voltage of 3 volts, rising non  linearly  
to 300dB /cm  fo r an  applied  voltage o f 6  volts. H ow ever, a t w avelengths fu rth e r  
from  th e  absop tion  edge, the  abso rp tion  change is less th an  lO dB /cm , and  fo r 
low er voltages the  transm ission is dom inated  by F ab ry— P ero t resonances. It is no t 
until a voltage is reached  a t which th e  edge of the  shifting excitonic band  edge 
reaches th e  ph o to n  energy  of the  inc iden t light th a t any change in abso rp tion  is 
observed . F o r instance, a t the w avelengths of 885nm  and  890nm , th e re  is negligible 
e lec tro— absorp tion  until 6 V is app lied  w hich, from  p h o to cu rren t m easu rem en ts, 
co rresponds to  the  edge of the  exciton  reach ing  these w avelengths. T h e  m agnitude 
of Aa a t these w avelengths fo r both  po larisations is reduced  to  less th an  40dB /cm , 
p rim arily  because the effect o f the red  shifting exciton  is m uch less a t these 
w avelengths.
T h e  sh o rte r w avelengths required  to observe the e lec tro— abso rp tion  fo r TM  
po larisation  resu lt from  the absence of the heavy hole transitions fo r th a t 
po larisa tion , leading to an  increase in the  band gap [W einer e t al '85(a)] and  the 
an iso trop ic  e lec tro —absorp tion  [W einer e t al ’85(b)]. T he  separa tion  of the  l h h —l e  
and 1 lh— 1 e transitions of approx im ate ly  6 nm  m easured from  the  p h o to cu rren t
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spectroscopy is consisten t w ith the  an iso tropy  of e lec tro— abso rp tion  w ith po larisation  
observed in th e  waveguides.
Section 4.3.3 Electro—Absorption in A77 Stripe Waveguides.
M easures o f th e  e lec tro — absorp tion  in A77 waveguides w ere ca rried  ou t in the  
sam e way as fo r M V348 waveguides. H ow ever, the  sm aller n u m b er o f quan tum
wells in these w aveguides m ean t th a t the  e lec tro— absorp tion  could be studied  a t
w avelengths c loser to  the  band  gap, allowing e lec tro—absorp tion  m easu rem en ts to 
be carried  o u t a t ph o to n  energ ies above the zero  volt band  gap o f th e  m ateria l. 
T h e  results o f m easuring  th e  absorp tion  change in the  w aveguides w ith voltage are  
show n fo r T E 0 and  T M 0 p ropagating  m odes in figures 4 .9  and  4 .10  respectively .
Electro— Absorption near the Band— gap.
T h e  e lec tro — absorp tion  in A l l  waveguides a t w avelengths g rea te r th an  860nm  
and  855nm  fo r T E  0 and  TM  0 p ropagating  m odes respectively  a re  qualitatively
sim ilar to  those o b ta ined  from  M V348. Again th e re  is a m arked  increase  in the
e lec tro— abso rp tion  fo r decreasing  w avelength and  Aa  is non  linear w ith voltage. 
T he  an iso trop ic  e lec tro — absorp tion  with T E  and  TM  po larisa tion  [W einer e t al 
'85(b)] is again  c lear, and  is consisten t with the  separa tio n  o f th e  e l — h h l and
e l —lh l exciton  transitions as m easured  by the p h o tocu rren t.
T h e  m agnitude of Aa  fo r A l l  waveguides is, how ever, less th an  fo r M V348 
by a fac to r of a t least 3 fo r sim ilar pho ton  energies from  th e  band— gap. T he
reduction  in  Aa is no t only due to  the  reduced  num ber o f wells in th e  A l l  
w aveguides, bu t also because of the reduced  back ground doping in  th e  in trinsic 
layer o f A l l  com pared  to  M V348. T he  work by [B radley  e t al ’89(a)]
d em onstra ted  th a t the  m odulation  dep th  observed in an  M Q W  p— i— n
e lec tro— abso rp tion  w aveguide m odula to r was greatly  enhanced  by increasing  the 
doping o f th e  in trinsic layer w ithin th e  range 2 x 1 0 1 5 cm — 3 and  5 x 1 0 1 6 cm — 3. 
Since A l l  and  M V348 are  a t the ex trem es of this range, th e  large d ifference  in 
m odulation  d ep th  was to  be expected . T h e  increase in Aa  a t th e  h igher doping 
concen tra tions is due to  th e  larger variation  in the electric  field across the  in trinsic 
region o f th e  p— i— n d iode and  the  resu ltan t b roadening  o f th e  exciton  peak  with 
e lectric  field  s treng th .
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Electro— Absorption at the excitonic band— gap.
F o r w avelengths closer to  the band— gap, the  abso rp tion  change becom es 
qualitatively  very d iffe ren t, w ith the absorp tion  in th e  w aveguide beginning to
decrease w ith app lied  voltage, showing som e in teresting  fea tu res. T h e  onset of this 
change can  be seen  a t w avelengths 855nm  for T E  po larisation  and  850nm  for TM  
po larisa tion  in  figures 4 .9  and  4.10 respectively, w here th e  absorp tion  in the 
w aveguide ac tually  begins to  fall with applied  voltage. F igure 4.11 shows the  results 
taken  w hilst co n cen tra tin g  on  the  e lec tro— absorp tion  a t w avelengths close to  the 
e l —h h l exciton  transition  fo r T E  polarisation.
A t a w avelength  o f 855nm , 7m eV  from  the  e l —h h l exciton  tran sitio n , figure 
4 .11(a) shows an  increase in Aa, up to  a peak  o f 170dB /cm  a t a voltage o f 6
volts as th e  red  shifting  e l  — h h l exciton  m oves to  th is w avelength . C om paring  this 
with th e  p h o to cu rren t m easurem ents, the peak  in Aa co rresponds w ith the  e l —h h l 
exciton  peak  being a t a position of 855nm . T h e  in sert o f figure 4 .11(a) shows
m ore deta iled  m easu rem en ts of Aa, starting  from  a voltage of 3 .8  volts.
M oving to  a w avelength o f 850nm  (1 .5m eV  from  the  exciton  tran sitio n ), the  
e lec tro— abso rp tio n  m easurem ents show  an increase in abso rp tion  associated  w ith the 
e l —h h l exciton  to  a peak  o f only 3dB /cm  a t 3 volts reverse  bias. F o r voltages 
larger th an  3V , Aa decreases since the  w avelength is now  positioned  a t the  high 
energy side o f the  shifting exciton . T he m inim um  in Aa a t 6 V corresponds to  the 
dip in th e  abso rp tion  betw een  the  e l —h h l and  e l — lh l exciton  transitions. T h e  
second peak  in Aa corresponds to the shifting o f the  e l —lh l exciton . T h e
absorp tion  change o f th e  e l — lh l peak  is negative in re la tio n  to  the  zero  volt
absorp tion  on  tw o accounts. F irstly  the oscillator s treng th  of th e  e l —h h l exciton  is
app rox im ate ly  1/3 th a t o f the  e l —lh l exciton  transition  [W einer e t al ’85(a)].
Secondly, b roaden ing  and  quenching of the peak  w ith field as discussed in section  
4 .2 .2  fu r th e r  reduces the  oscillator streng th  and  hence  reduces the  absorp tion
associated w ith th e  peak .
A t th e  w avelength of 847nm , 7m eV  higher in energy  th an  th e  zero  volt 
e l —h h l exciton  peak , the  e lec tro—absorp tion  shows an  in tial decrease in absorp tion  
as th e  e l — hhl  exciton  peak  shifts to  larger w avelengths w ith app lied  voltage. T he 
increase in abso rp tion  a t 7 volts is then  due to the  red  shifted  e l — lh l exciton 
peak. O n ce  this peak  has passed the w avelength of 847nm , the  absorp tion  
continues to  fall fo r th e  voltages m easured as th e  quench ing  o f th e  exciton  peak  
with increasing  field takes place.
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Section 4.4 CONCLUSIONS.
P h o to cu rren t spectroscopy on two M Q W  G aA s/A lG aA s w afers, one  conta in ing  
7x10 .ln m  G aA s quantum  wells and  a second contain ing  25x8 .5nm  G aA s quan tum  
wells show ed th a t the quantum  confined  S tark  effect (Q C SE ) was dem o n stra ted  in 
bo th  sam ples o n  application  of an  electric  field  perpend icu la r to  th e  p lane  of th e  
wells. T h e  exciton  peaks rem ained  resolved to  an  electric  field  stren g th  of 
1 .5 x 1 0 5 V /cm  in both  instances. T h e  ap p earan ce  of in te rband  transitions w hich are  
parity  fo rb idden  a t zero  field becom e dom inan t in the absorp tion  spec trum  of 
M Q W  m ate ria l a t large field streng ths, w ith the  n =  1 in te rband  transitions becom ing 
ex tensively  quenched . T h e  shift in th e  resonance energy  of th e  exciton  peaks 
associated  w ith th e  n =  1 in te rb an d  transitions was show n to  be quad ra tic  w ith 
elec tric  field  streng th , w ith a constan t o f p ropo rtionality  of 1 .5x10“  9 m eV /(cm /V ) 2 
and  1 .2x10“  9 m eV /(cm /V ) 2 fo r th e  heavy and  light hole transitions respectively .
A  highly w avelength d ep en d an t e lec tro — absorp tion  effect re la ted  to  th e  Q C SE  
was d em o n stra ted  in the  two M Q W  w afers. M easurem ents in 3 /un  wide stripe  
w aveguides d em onstra ted  changes in absorp tion  o f 300dB /cm  a t p h o to n  energ ies 
40m eV  below  the  lowest energy exciton  peak , w hich fo r a device o f leng th  500 /un 
leads to  an  o n /o ff  m odulation o f 15dB.
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C H A P T E R  5 E L E C T R O -O P T IC  E F F E C T S  IN  M U L T IP L E  Q U A N T U M  W E L L
W A V E G U ID E S
SE C T IO N  5.1 IN T R O D U C T IO N .
In in teg ra ted  optics, a num ber o f device o p era tions a re  based o n  the  
e lec tro — op tic  effec t. D evices receiving a tten tio n  w hich utilise the  effec t include 
phase m o du la to rs [B radley e t al '89(b)], M ach—Z eh n d e r m odulators [Z ucker e t al 
'90] and  d irec tio n a l coupling switches [Z ucker e t al '89(b)] in  bo th  bulk and  M Q W  
III— V m ateria ls . W ithin  in teg rated  optics, it is ho p ed  to  ob ta in  m onolith ic  
in teg ra tio n  o f such devices with lasers w hich requ ires w aveguide device lengths o f 
th e  o rd e r  o f 1 0 0 's  o f m icrons. T h e  p resence  o f a quad ra tic  e lec tro—optic  effec t 
w hich is re la ted  to  e lec tro— refrac tion  in III— V sem iconductors has been  
d em o n stra ted  theo re tica lly  [H iroshim a '87] and  experim en ta lly  [G lick e t al ' 8 6  and  
'87] to  give an  enh an ced  elec tro— optic  e ffec t in  M Q W  m ateria l. T h e  enhanced  
e lec tro — op tic  e ffec t enables sh o rte r length  devices, m aking m onolith ic in teg ra tion  
m ore  feasib le.
T h e  M Q W  waveguides exam ined  in ch ap te r  4 dem o n stra ted  strong
e lec tro — ab so rp tio n  a t w avelengths close to  the  band— edge, indicating  th a t th e re
should  be an  en h an cem en t of the  e lec tro— optic  effec t. T h e  w aveguides w ere 
th e re fo re  exam ined  in o rd e r to  study th e  e lec tro — optic  effects exhib ited  by M Q W  
G aA s/A lG aA s a t w avelengths close to  the  band  edge. T he  w avelength dependence  
of th e  e ffec t was studied and  the  refrac tive  index change sep ara ted  in to  two 
co m p o n en ts : a lin ear and a quadratic  e lc tro—optic  effect.
S E C T IO N  5 .2  M E T H O D S  O F  E L E C T R O -O P T IC  M E A S U R E M E N T S .
W ith  th e  in te rest in the  e lec tro— optic  effects in  M Q W  G aA s/A lG aA s
waveguides as m en tioned  above, a suitable m ethod  o f m easuring  th e  change in
refrac tive  index  in  the  waveguides had to  be developed . A  descrip tion  o f the 
m ethods used will be given in this section , to g e th e r w ith a discussion o f th e  m erits 
of each  m eth o d .
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Section 5.2.1 Fabry  Pero t M easuring System
D uring  the  m easurem ents of the e lec tro— abso rp tion  e ffec t in the  waveguides, 
the  n arro w  linew idth  o f the C oheren t 599 dye laser lead to  F abry— P ero t
resonances in the  transm ission against voltage. T hese  peaks resu lt from  the changes 
in th e  op tica l p a th  length  of th e  w aveguide (th ro u g h  th e  e lec tro — op tic  effect) 
w hich sw ept th e  w aveguide th rough  F abry— P ero t resonances. T h e  change in the 
o p tic a l p a th  leng th  (AOPL) betw een successive passes o f a w aveguide of length  I and  
effective index  n as a resu lt o f an  index change An is given by:
AOPL =  An. 2n I (5 .1)
T h e  sep ara tio n  o f th e  F abry— P ero t resonance peaks is equ ivalen t to  AOPL of
one w avelength , such th a t the  index change (A n') requ ired  to  pass betw een  two
resonance  peaks is given by:
An* =  \ /2 l  (5 .2)
T h e  m easu rem en t o f th e  index change in th e  w aveguides was carried  o u t in 
exactly  th e  sam e way as the  e lec tro— absorp tion  m easu rem en ts as described  in
ch ap te r  4.
Results and Discussion
T h e  results o f m easuring the  change in transm ission  th rough  a 1m m  long 
stripe  w aveguide in  M V348 and  observing the  F abry— P e ro t resonances a re  show n in 
figure 5.1 fo r tw o w avelengths (882 .4nm  and  885nm ). T h e  g rap h  of transm ission  a t 
a w avelength  o f 882 .4nm  shows well resolved F ab ry— P ero t resonances. F o r this 
w avelength , how ever, th e  resonances are  lost fo r voltages g rea te r  th an  8 V as the 
increase in  abso rp tio n  th rough  e lec tro—a b so rp tio n  p reven ts  m ultip le  passes th rough  
the w aveguide. F ro m  these m easurem ents, a lim ited  n u m b er o f da ta  po in ts  o f An 
against voltage can  be m easured  by noting  the position  o f th e  peaks and  troughs. 
F o r a w avelength  only 2 .6nm  closer to  th e  band  gap , th e  increase in both  
absorp tion  and  e lec tro — absoption in the  waveguide fu rth e r  lim its the  ex ten t to 
which th e  e lec tro — optic  effect can  be studied by this m eth o d . T h e  m easurem ents 
ob ta ined  from  th is m ethod  could be ex tended  to  la rg er fields by sho rten ing  the 
waveguides. T h e  da ta  po in ts w ould, how ever, still be lim ited  by th e  position  and  
num ber o f peaks and  troughs in th e  transm ission curves.
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Figure 5.1
Transmission through a stripe waveguide at wavelengths 882nm and 880nm  
as a function o f  reverse bias voltage. Fabry-Perot resonances in the transmission 
are the result o f the electro-optic effect in the waveguides. The poorer finesse 
at 880nm is due to higher absorption at that wavelength.
Conclusion
M onito ring  the  F abry— P ero t resonances in the  w aveguides was show n to  be an  
e ffec tive, bu t lim ited  m ethod  of studying the  e lec tro— optic  effects in  M Q W  
w aveguides a t w avelengths close to the  band  gap. A lthough this was n o t used as 
th e  m ain  m eth o d  o f studying th e  e lec tro— op tic  effects in  th e  w aveguides, results 
tak en  using th is technique w ere used to  verify  the  results ob ta in ed  using a 
M ach— Z e h n d e r in te rfe ro m eter system  w hich is described  below .
Section 5.2.2 Mach—Zehnder Interferometer.
U sing a M ach— Z eh n d er in te rfe ro m e te r is one  techn ique used fo r m easuring  
th e  change  in  refrac tive  index  o r phase m odulation  o f a  w aveguide. T h e  
M ach— Z e h n d e r  in te rfe ro m eter system  is show n in fig 5 .2 (a).
In  one  a rm  of th e  in te rfe ro m eter, light from  a tunab le  dye laser passes 
th ro u g h  a w aveguide m ounted  in  th e  end  fire rig. T h e  o th e r a rm  ca rrie s  a 
re fe ren ce  beam  w hich, on  recom bination  w ith the  light from  th e  w aveguide, c rea tes 
an  in te rfe ren ce  p a tte rn . A ny change in th e  re la tive phase o f th e  tw o beam s, fo r 
in stance  fro m  a change in the  refrac tive  index change (An) o f th e  w aveguide, leads 
to  a  sh ift in  th e  fringe p a tte rn . By m easuring  th e  resulting  fringe sh ift (A<p), th e  
re frac tiv e  index  change of the  w aveguide can  be calcu lated  from  th e  expression :
/' E qu  * ( 5  • 3   ^
w here X is th e  w avelength and  / is the  w aveguide length .
Section 5.2.3 Mach—Zehnder Interferometer: Experiment Using 
A Hamamatsu Camera.
T o  o b ta in  a c lear and  stable fringe p a tte rn  from  the  in te rfe ro m e te r, g rea t care  
had  to  be taken  in setting  up th e  in te rfe ro m eter. Because o f th e  im p o rtan ce  of
m echan ical stability  in any in terferom etic  system , all the  op tical co m ponen ts o f the
w ere m o u n ted  o n  rigid m ounts w ith an  op tical axis as close to  th e  bench  to p  as 
p rac tica lly  possible (op tical axis 75mm from the  bench to p ). Also fo r any  
in te rfe ro m e te r, th e  pa th  d ifference o f the  two in te rfe ro m eter beam s has to  be kept 
w ithin th e  coherence  length  of the light source, and  using the  C o h e ren t 599 D ye
laser it was necessary  to  restric t the  p a th  d ifference  to  5m m .
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(a) Mach-Zehnder interferometer using I.R. camera and line scan to measure 
phase modulation in a waveguide.
(b)Typical set of results of index change of an MQW waveguide stucture for 
a wavelength of 860nm obtained using the interferometric system.
F o r th e  in te rfe rin g  beam s to  form  a good im age on  reco m b in a tio n , th e  im age 
of th e  o u tp u t from  th e  w aveguide had  to  be slightly de— focused, increasing the 
spatia l ex ten t o f th e  fringe p a tte rn  by sm earing o u t th e  im age o f th e  w aveguide
o u tp u t. T h is increases the  area  over which th e  re fe ren ce  beam  and  w aveguide 
o u tp u t had  com parab le  intensities, a situation  necessary  to  get good fringe
m odula tion . T h e  fringe p a tte rn  was th en  expanded  by a  large ap e rtu re  x40 
m icroscope ob jec tive  to  give an  im age on  an  IR  cam era .
T h e  fringe  shifts o f th e  in te rfe ro m eter w ere m easured  by im aging the  fringe 
p a tte rn  o n to  a H am am atsu  cam era , as show n in  fig 5 .2 (a ) , w hich gave an  in tensity
pro file  p lo t o f th e  fringe p a tte rn . T he  progression o f th e  fringe p a tte rn  th en  was
m on ito red  by m easuring  the  position o f the  peaks and  troughs in th e  in te rfe ren ce  
p a tte rn . A  line scan o f th e  fringe p a tten  was taken  from  th e  cam era  fo r each  
voltage app lied  to  th e  w aveguide.
Results and Conclusion.
Fig 5 .2 (b ) show s a p lo t o f An V  V oltage using th is m eth o d  fo r a stripe 
w aveguide in  A77 fo r T E  polarised  light. E ach  se t o f po in ts  in  each  g raph  
rep resen ts  th e  progression  o f a particu lar peak  o r trough  across a single fringe 
p a tte rn  an d  it is a p p a re n t th a t the  m easurem ents from  ju st one  fringe p a tte rn  a t 
each  w avelength  yield a large uncerta in ty  to  the  index change.
T h is m e th o d  was found  to  be unsuitable fo r m aking  ex tensive m easu rem en ts of 
e lec tro— op tic  effects in  the  waveguides a t a range o f w avelengths close to  the  
abso rp tion  edge o f th e  m ateria l. It was found to  be inaccu ra te  on  tw o accounts. 
F irst, identify ing th e  peaks and  troughs of the  fringe p a tte rn  becam e increasingly 
difficult as th e  fringe m odulation  was reduced  w ith th e  onse t o f e lec tro — absorp tion  
in th e  w aveguide. Secondly , the  periodicity  of the  fringe p a tte rn  varied  across the 
p a tte rn , giving a system atic e rro r  in the  fringe shift m easu rem en ts, since the  
period icity  o f a  p eak  o r  trough  varied as it progressed  across th e  fringe p a tte rn . 
T he  m eth o d  was also very tim e consum ing.
T h e  tim e involved in obtain ing  results and  the  inaccuracy  o f the  results m ade 
the above m eth o d  im practical fo r carry ing ou t extensive m easu rem en ts o f the  
e lec tro—optic  effec t in the  waveguides. A lthough this m ethod  was no t used, it did 
lead to  a m uch  quicker and  m ore accurate  m ethod  w hich will be described  in  the  
follow ing section .
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Section 5 .2 .4  M ach— Z ehnder In terferom eter Incorporating C ontrol System.
W ith  th e  m otivation  of getting a m easuring techn ique which was b o th  m ore 
accu ra te  and  less tim e consum ing, the  system  show n in fig 5.3 was set up . T he  
g enera l p rinc ip le  is the  sam e as in the  m ethod  described in section  5 .2 .3 , but 
ra th e r  th a n  m easuring  the fringe shift, the  phase com pensation  o f a p iezo— electric  
m irro r hold ing  the  fringe p a tte rn  sta tionary  was m easured .
T h e  fringe p a tte rn , expanded  by a x40 m iroscope ob jec tive , was focused on to  
a tw o e lem en t d e tec to r (A  and  B) with e lem en t separa tio n  of 50/un and  the  signals 
from  th e  d e tec to r e lem ents w ere inpu t to  channels A  and  B o f a lock— in 
am plifie r. A n am plified  o u tpu t signal o (A — B) was fed back to  the  h igh voltage 
am plifie r o f the  p iezo— electrical m irro r, settling  the  fringe p a tte rn  over the 
d e tec to rs  such  th a t (A—B) was m inim ised, as show n in figure 5 .3 . If th e re  was any 
sh ift in  th e  fringe p a tte rn , the signal to  the  high voltage am plifier becam e non
zero  an d  th e  piezo electric  m irro r m oves to  re tu rn  the  fringe p a tte rn  back  to  its
orig inal position  such th a t A— B =  0. H ow ever, a fin ite  signal is requ ired  to hold 
th e  p iezo  e lec tric  m irro r a t its new  position  and  th e re  was a sm all e rro r  in th e  
position  o f th e  fringe p a tte rn . If the gain in the  feed  back is large enough , th en  
th is e r ro r  is sm all and  m onitoring the  signal o (A — B) gives a m easure o f th e  shift 
o f th e  fringe p a tte rn . As a voltage was app lied  to  the  w aveguide, the  resulting  
change in th e  relative optical pa th  length  of the  two arm s o f the  in te rfe ro m e te r 
was th e n  com pensated  for by the  m ovem ent of the  piezo electric  m irro r. By
m o n ito ring  the  signal o (A — B) to  the  high voltage am plifier o f the  p iezo— electric  
m irro r , th e  resu lting  phase m odulation  of th e  w aveguide could be ca lcu lated .
E x p e rim e n ta l D eta ils .
T h e  sensitivity  of the contro l system  was d ep en d en t upon  the  m odulation
d ep th  o f th e  fringe p a tte rn  and the fringe period icity  relative to the  d e tec to r size. 
B oth  o f these  had  to  be optim ised if the m easuring system  was to  prove to  be 
effective.
T o  optim ise  the  size of the fringe p a tte rn  on  the d e tec to r, the  signal ob ta ined  
from  each  d e tec to r  e lem ent was modelled by in tegra ting  a sinusoidal fringe p a tte rn  
across a d e tec to r  e lem en t:
1 -  m c o s ( 0 )  d0
o
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Figure 5.3
M ach-Zehnder Interferometer incorporating control loop for 
measuring phase modulation in a w aveguide.
The insert show s the extent o f  the fringe pattern focused onto 
the two elem ent detector.
w here 6= 0  is th e  m in im um  of the  fringe at the in te rface  o f the  two d e tec to r
e lem ents and  6=  q is the  phase of the  fringe p a tte rn  a t th e  edge o f the  d e tec to r, 
as show n in th e  insert o f figure 5 .3 . F rom  the calcu la ted  signal, (A—B) was 
calcu lated  to  be m ost sensitive to fringe shifts fo r a value o f q = i r / 2 . T h e  im age of 
th e  fringe p a tte rn  was thus expanded  onto  the  two e lem en t d e tec to r using a
microscope objective  such the  size of the fringe p a tte rn  was in this reg im e. T he
fringe p a tte rn  was also ad justed  such th a t w hen the p iezo— electric  m irro r was
m odu la ted , the  signals A  and  B w ere m odulated  in an tiphase  and  w ith a m axim um  
am plitude.
T h e  e lec tro — op tic  m easurem ents w ere to  be ca rried  o u t a t w avelengths close 
to  th e  m ateria l band  gap , w here large elec tro— absorp tion  has been  dem onstra ted . 
T o  ob ta in  a good m odulation  dep th  a t the fringe p a tte rn , the  w aveguide ou tpu t 
in tensity  and  re fe ren ce  beam  in tensity  had  to  be com parab le . T h e  in tensity  o f the 
in te rfe rin g  beam s th e re fo re  had  to  be balanced in such a way th a t th e  m odulation  
o f th e  fringe p a tte rn  was m ain ta ined  as a reverse bias voltage was app lied  to  the  
w aveguide.
Since p a th  d ifferences o f the  o rd er o f lO nm  w ere being m o n ito red , th e  system  
was very sensitive to  vibrations. It was th ere fo re  necessary  to  m o u n t the  ch o p p er 
bo th  off the  b ench  top  and  aw ay from  the in te rfe ro m eter to  p rev en t v ibrations and  
air cu rren ts  from  destab ilis in g  the fringe p a tte rn . A  chopp ing  frequency  of 800H z 
was used to  allow  a sh o rt in teg ra tion  tim e o f 3m s to  be used , w hich increased  the 
stability  o f th e  feedback  system  a t high gain. T h e  o u tp u t sm ooth ing  o f th e  lock— in 
am plifier was kep t 's lo w ', increasing the  response tim e o f th e  system  and  hence 
im proving the  stability  a t high gain. Stability was also highly d ep en d en t on  fringe 
m odulation  and  in tensity , so was set fo r each  experim en t a t a value x5 less than  
the gain a t the  onset o f instability .
T h e  ex p erim en t was fully contro lled  by an IBM — PC , with voltages being 
app lied  to  the  w aveguide from  a D igital—A nalogue C o n v erte r (D /A C ), and  the 
o u tp u t from  the  lock— in  am plifier being m easured by a A nalogue— D igital converte r 
(A /D C ). T h e  execu tion  o f th e  experim en t is given in th e  exp lan a tio n  below .
B efore runn ing  the  experim en t, the  p iezo— elec tric  m irro r was always 
positioned such th a t th e  signal V pzt was zero  w hen zero  volts was app lied  to  the
w aveguide. T his was essential if th e  experim en t was to  be co rrec tly  ca lib ra ted . T he
range o f voltages to  be app lied  to the w aveguide (V Wg), from  zero  to  a m axim um
value (V m ax), and  th e  voltage increm en t (Vstep) w ere initialised . T h e n , starting
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from  zero  volts, the  voltage across the  w aveguide was increased  in crem en ta lly  and 
th e  voltage c*(A— B) from  the  th e  lock— in am plifier to  th e  high voltage am plifier 
o f the  p iezo— electric  m irro r (V p Zt) was m easured  for each  voltage app lied  to  the 
w aveguide. T he  voltages VWg and  V pZt w ere taken  as the  m easu rem en t of phase 
m odulation  against voltage in the waveguide. F rom  these, the  index change against 
voltage could  be calcu lated  a fte r ca lib ration .
Calibration.
A  calib ra tion  of the  phase com pensation  of the  p iezo -e lec tr ic  m irro r was 
necessary  a t th e  end  o f each  experim en t as a consequence o f hystere tic  n a tu re  of 
th e  p iezo— electric  m irro r w ith applied  voltage. F o r th e  ca lib ra tio n , th e  feedback  
from  th e  lock— in am plifier to  th e  p iezo— electric  m irro r was rem oved  and  a 
voltage was app lied  d irectly  from  the  D /A C  o f the  IBM — PC . No voltage was 
app lied  to  the  waveguide.
F ro m  the  exp erim en t, it was know n th a t by applying a voltage to  the 
w aveguide ranging from  zero  to  a m axim um  value led to  a voltage from  zero  to  a 
m ax im um  value V pZt( m ax) being applied  to  th e  high voltage am plifie r. F o r the  
ca lib ra tio n , th is sam e range o f voltages was applied  to  the  pz t w hilst m onito ring  
th e  o u tp u t A  from  the  lock— in am plifier. T h e  m easured  signal was sinuso idal, w ith 
a varying period  as a resu lt o f th e  non linear m ovem ent. T h e  m easured  signal was 
scaled  betw een  ±1 as show n in fig 5 .4(a) and  the  arc  sine o f these  scaled  values
w ere calcu la ted . T his gave th e  phase com pensation  A a s  a function  o f voltage to
th e  h ig h  voltage am plifier as show n in figure 5 .3 (b ).
Calculating Index changes (An).
F ro m  th e  experim en t and calib ration  d a ta , the  change in re frac tive  index of 
the  w aveguide was calcu lated . A  least squares fit of the  ca lib ra tion  data  gave a
fo u rth  o rd e r polynom ial to  A ^ V ). T his allow ed the  values of V pzt m easu red  during
th e  ex p erim en t to  be re la ted  d irectly  to  a phase m odulation  in the  w aveguide by 
substitu ting  the  signal from  the  lock— in am plifier m easured during  th e  ex p erim en t 
in to  th e  polynom ial. T he  index change o f the  waveguide could th en  be calcu lated  
using equation  5.3 .
In o rd e r to confirm  th a t the  values o f An m easured using th e  in te rfe ro m e te r 
w ere tru e  values, results ob ta ined  from  w aveguides in MV348 by th is m eth o d  w ere 
co m p ared  w ith those ob ta ined  using F ab ry— P ero t resonances in th e  w aveguide.
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Figure 5.4
Calibration of the piezo electric mirror.
(a) Normalised output from one detector element as the voltage to the Hi-Voltage 
amplifier scans the piezo-electric mirror through 2 fringe periods.
(b) Phase shift o f the interferometer fringe pattern as a function o f the voltage to the 
Hi-Voltage amplifier.
Figure 5 .5  show s a com parison  fo r m easurem ents from  the  two techniques taken  a t 
3 d iffe ren t w avelengths. T he  lines are  results from  th e  in te rfe ro m eteric  m ethod  and 
the  po in ts  a re  taken  from  the F a b ry -  P ero t m e thod . T h e  figure shows good 
ag reem en t betw een  the  results o f the  two m ethods, verifying the  m easurem ents 
from  th e  in te rfe ro m e te r  a re  tru e  values of An.
Conclusion.
T h e  in te rfe ro m e te r  and contro l system  w e re  th e re fo re  show n to  be a reliable 
m ethod  fo r m easuring  the  e lec tro— optic e ffec t in th e  w aveguides, so giving an  
effective m e th o d  o f carry ing  out an  extensive study o f the  e lec tro — optic  effec t in 
M Q W  G aA s/A lG aA s waveguides.
SECTION 5.3 ELECTRO-OPTIC MEASUREMENTS.
T h e  q u an tu m  well w aveguide structu res grow n had  been  show n to  exhib it 
s trong  e lec tro — abso rp tion  through the shifting of the  band  edge. T his had  been  
dem o n stra ted  by the  pho to cu rren t m easurem ents and  e lec tro — absorp tion  
m easu rem en ts in the  w aveguide configuration . T h e  large shift observed in th e  band 
edge should  co n trib u te  to  a large change in  refrac tive  index in  th e  m ateria l th rough  
the  e lec tro — refrac tive  effec t, enhancing  the e lec tro—optic  effec t [G lick e t al ’8 6 ]. 
T o  exam ine th is e ffec t, the  stripe  waveguides w ere fab rica ted  on  m ateria l MV348 
w ith th e  d irec tio n  of p ropagation  of the  waveguides was along th e  crystalographic 
axes [lTO] and  [110]. T h e  e lec tro—optic effects w ere th en  m easured  in these guides 
for m odes p ropaga ting  with T E  polarisation  and  T M  polarisa tion  a t a range of 
w avelengths ap p ro ach in g  the  m ateria l band edge.
Section 5.3.1 Experiment with MV348 Stripe Waveguides
T o  study  the  e lec tro —optic effects in M V348, the  fab rica ted  waveguides w ere 
cleaved to  lengths o f 80 0 /un and 1 m m  for guides p ropagating  along [U~0 ] and  [1 1 0 ] 
respectively . T h ese  lengths gave easily m easureab le  phase  m odulations of 
ap p rox im ate ly  2 v  fo r a reverse bias voltage of 1 0  volts w ith the  a tten u a tio n  from  
e lec tro — ab so rp tio n  in the  guides rem ain ing  accep tab ly  low. T h e  M ach— Z eh n d er 
in te rfe ro m e te r  described  in section 5.2 was used to  m ake m easu rem en ts o f changes 
in re frac tive  index  (An) in the waveguides a t a n u m b er o f d iscrete  w avelengths 
app ro ach in g  the  m ateria l band edge. F o r these m easu rerm en ts, a reverse bias 
voltage was app lied  to  th e  waveguides up  to  a m axim um  of 10 volts. All 
m easu rm en ts w ere ca rried  ou t on  stripe w aveguides w ith a nom inal w idth of 3 /un .
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M easurem ents w ere carried  ou t for T E  polarisation  a t w avelengths in the  range 
910nm  to  865nm . T his was equivalently  a range of pho ton  energ ies 105m eV  to 
34m eV  below  the resonance energy  of the e l —hhl  exciton  transition  w hich has a 
resonance  energy  of 1 .471eV . F o r TM  po larisation , the w avelength range o f 910nm  
to  855nm  was equivalently  a range of 115m eV  to  28m eV  from  th e  e l —lhl  exciton 
tran sitio n  w hich has a resonance  energy  of 1 .481eV . T hese  transitions define the 
band  edge o f the  m ateria l fo r th e ir  respective polarisations and  it is the  shifting  of 
these transitions to low er energ ies w hen an  electric  field is app lied  pe rp en d icu la r to 
th e  p lane  o f the  quan tum  wells th a t enhances the e lec tro — op tic  effec t in 
M Q W  G aA s/A lG aA s.
A t w avelengths app roach ing  th e  m ateria l band  gap, th e  abso rp tion  changes
(Act) d om ina te  th e  e lec tro —optic  p ro p erties  o f the  M Q W  stru c tu re . So at
w avelengths close to  the  band  gap , th e  fringe con trast o f the  in te rfe ro m e te r  becam e 
increasingly  poo r w hen a voltage was applied  to  the  w aveguide and 
e lec tro — abso rp tion  decreased  the  w aveguide ou tp u t in tensity . As a resu lt, the  
con tro l loop  could no t hold on to  a shifting fringe over a large range o f voltages 
and  fo r w avelengths of less than  880nm , the  m axim um  voltage fo r w hich An could 
be m o n ito red  was lim ited  by abso rp tion  changes resulting from  e lec tro — absorp tion  
in th e  w aveguide.
S ec tio n  5 .3 .2  R esults F ro m  M V 348 W aveguides.
T E  P o la risa tio n .
T h e  m easurem ents o f An against reverse  bias voltage fo r T E  po larisa tion  and  
p rop ag a tio n  along [lTO] and  [110] are  show n in figures 5 .6  and  5.7 respectively . It 
is im p o rtan t to  no te  th a t the  m easured  An values are  in fac t th e  change in 
effective index o f the  w aveguides, and  no t the  change in index of th e  M Q W  
region.
T h e re  a re  two m ost p ro m in en t fea tu res of figs 5 .6  and  5 .7 . F irstly , fo r both
o f these  p ropagation  d irec tions th e re  is a large spectra l varia tion  in  the
e lec tro — op tic  effec t, with An increasing d ram atically  for w avelengths app roach ing  
the  exciton  resonance . Secondly, the  change in index is non lin ear w ith voltage, 
unlike th a t o f both  bulk G aA s [Suzuki e t al ’84] which exhibits very little 
e lec tro — re frac tio n  [V an Eck e t al '8 6 ] o r M Q W  G aA s/A lG aA s aw ay from  the  band 
edge [G lick e t al ’85]. In  bo th  o f these instances the  linear e lec tro —optic  effect 
dom inates and  it is only w hen the  shifting band edge of the  M Q W  m ateria l
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con tribu tes to  a large e lec tro — refractive effect close to  the  band  edge th a t An 
becom es non  linear w ith voltage.
It is in teresting  to exam ine the m agnitude and  spec tra l varition  of An for 
p ropaga tion  along [lTO], for w hich the linear e lec tro—optic  and  e lec tro —refractive 
effects add constructively . F o r an  applied  voltage of 10V, an  index change of 
0 .6x10“  3 a t a w avelength  of 910nm  (112m eV  away from  th e  exciton  resonance) 
increases by a fac to r of 3 to  1 .9x10“  3 fo r a w avelength of 880nm . T hese  values 
a re  large co m p ared  w ith a value of 0 .4x10“  3 expected  from  a w aveguide in bulk 
G aA s using a value o f 1 .1x10“  1 2m /V  for r 4 1  [Y ariv ’85]; a fac to r o f up to  4.5 
increase. C onsidering  th e  low Act m easured a t a reverse bias voltage o f 880nm  
(15dB /cm ), th e  en h an cem en t of the  e lec tro—optic effec t a t sh ^ rt w avelengths 
d em onstra tes th e  advantages in using quan tum  well m ateria l over bulk m ateria l fo r 
phase m odu la to r applica tions.
E xam ining  th e  index change fo r p ropagation  along [110], the  size o f An is less 
th an  fo r p ropaga tion  along the  p erpend icu lar d irection  o f [lFO]. T his is a resu lt of 
th e  d irec tional d ep en d en ce  of th e  linear e lec tro— optic  (L E O ) effec t [Faist e t al 
’87] leading to  th e  linear e lec tro — optic and  e lec tro— refrac tive  effects having 
opposing  signs fo r p ropaga tion  along the  crystalgraphic d irec tion  [110]. T h e  
m axim um  An observed  is th e re fo re  reduced  to  1 .3x10“  3 co m p ared  w ith 1 .8x10“  3 
fo r sim ilar w avelengths and  voltages fo r p ropagation  along [1 T0 ].
As w ith p ropagation  along [lTO], the  e lec tro—refactive effec t becom es m uch 
stronger a t ph o to n  energ ies close to  the  band— edge, increasing  the  resu ltan t index 
change. A t the  longer w avelengths of 900—910nm , aw ay from  th e  b an d —edge, the  
L E O  and  e lec tro — refactive effects are  of the  sam e m agnitude and  o f th e  opposite  
scence, thus cancelling  one an o th e r ou t and  resulting  in an  index change which 
rem ains close to  zero  and  is slightly negative.
T M  P o larisa tio n
T h e  results o f m easuring  the  e lec tro— optic  effect fo r T M  po larisa tion  in the 
w aveguides p ropagating  along the  crystalographic d irec tion  [lTO] in M V348 are  
show n in figure 5 .8 . W ith po larisation  perpend icu lar to  the  p lane  of th e  quan tum  
wells, the  transition  e l —hhl  is fo rb idden  and  the  band  edge is defined  by the 
h igher energy  e l —lhl  exciton  transition . As a resu lt, th e  e lec tro —optic 
m easu rem en ts fo r T M  polarisa tion  could be m ade a t sh o rte r w avelengths th an  for 
T E  polarisation .
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As w ith T E  po larisation , the  index change is no n — linear w ith voltage and  
highly w avelength dep en d en t. A t the longest w avelength of 910nm , 115m eV  from  
th e  e l —h h l  transition , no index change is observed until a voltage of 4V is 
app lied  to  the  w aveguide. T his is in co n trast to T E  polarisation  fo r w hich a 
com parab l index change was m easured  a t this w avelength for
[1 T0 ] p ro p ag a tio n  and  a negative index change was observed for p ropagation  along 
[1 1 0 ].
M easurem ents of An w ere carried  ou t fo r p ropagation  along both  [1T"0] and
[110] crysta lographic  d irections with T M  polarisa tion  and  the  results taken  a t tw o  
rep esen ta tiv e  w avelengths a re  show n in figure 5 .9 . T h e  d ifference in  the
e lec tro — op tic  effec t fo r these p ropagation  d irec tions was w ithin the accuracy  o f the 
m easuring  system  show ing th a t the  e lec tro — optic  e ffec t fo r TM  polarisation  was 
d irec tionally  in d ep en d en t. T his will be discussed in fu rth e r  detail in section 5 .5 .
S E C T IO N  5 .4  ISO L A T IN G  T H E  L IN E A R  E L E C T R O -O P T IC  A N D  
E L E C T R O -R E F R A C T IV E  E F F E C T S  IN M Q W  W A V E G U ID E S.
A lthough it has been  noted  in section  5.3 th a t the  e lec tro—refractive effec t in 
th e  w aveguides is non linear with app lied  voltage, the  dependence  of An with
voltage has no t been  exam ined . In considering  the  e lec tro — refractive effec t in 
re la tio n  to  th e  F ran z— Keldysh effect in bulk III— V sem iconductors, [B ennet e t al 
'87] show ed theore tica lly  th a t, close to  th e  band  edge, the  index change is
quad ra tic  w ith field streng th . T he  quadratic  n a tu re  of the  e lec tro— refrac tive  effect 
has also been  d em onstra ted  experim entally  in M Q W  G aA s/A lG aA s [G lick e t al '8 6 ] 
and  InG aA s/G aA s [D as e t al '8 8 ] a t w avelengths close to  th e  band edge. In  bo th  
these instances the  linear and  quadratic  effects were isolated by using the
d irec tiona l d ependence  of the  linear e lec tro —optic  effect [Faist e t al '87].
T h is techn ique has also been  used in the  p resen t work to  isolate the
components o f An w hich vary linearly  and  quadratically  w ith electric  field streng th .
T h e  e lec tro — refactive effect is p red ic ted  to  have a quadra tic  d ependence  o n  electric
field s tren g th , such th a t the index change in the  waveguides can  be expressed as:
An(E) =  i  n 0 3 [ ± r i r 6 3 E z +  T 2 s E 2z] (5 .5)
w here An(E) is the  change in the  effective index o f the  w aveguide in an  electric  
field E z w hich is in the  d irection  perpend icu lar to the  p lane of the  quan tum  well
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layers, and  r 6 3  and  s are  th e  linear and  quadratic  e lec tro —optic  coefficients 
respectively . r n and T 2 a re  the  confinem ent factors of th e  op tica l field  to  the 
active region o f the  waveguide fo r the L EO  and  quadra tic  e lec tro — optic  (Q E O ) 
effects respectively.
T h e  sign of the  L E O  is positive fo r light p ropagating  along [1T0] and  negative 
fo r p ropagation  along [110]. It is th ere fo re  possible to  isolate the  linear 
e lec tro— optic (L E O ) and  quadratic  e lec tro— optic (Q E O ) effects by the  p rocedure  
o f sub trac ting  o r adding th e  m easured  values of An fo r th e  tw o p ropagation
direc tions respectively :
- i  r 63 E j  T ,  -  J [ A n [110] -  A n [ 110] ] ( 5 . 3 ( a ) )
a n d
1 s Ez  r 2 -  [  [ A n [ l T 0 ] +  A n [ 110] ] ( 5 . 3 ( b ) )
w here An[lT0] and  An[110] a re  the  changes in the  effective index o f the  M Q W  
w aveguide in an  electric  field E z fo r th e ir  respective p ro p ag a tio n  d irec tions. T hese 
equations a re  only  valid if the  index change can  be expressed  by the  two term s: 
L E O  and  Q E O .
S ec tion  5 .4 .1  C alcu la ting  T h e  C o n fin em en t F ac to rs  r ,  an d  T 2
T h e  m easured  values o f the  change in effective index o f th e  w aveguides gave 
a w eighted average index change; w eighted by both  th e  in tensity  o f the  confined
light and  the  e lectric  field streng th  in the d iffe ren t regions of the  guide. T o  
ca lcu late  th e  coefficients r 6 3  and  s, the  L EO  and  Q E O  effects respectively , the
confinem en t of the  light to the  active region of the  w aveguide had  to be 
calcu lated .
T he  con finem en t under the stripe of the waveguides was tigh t. T his was
a p p a re n t fom  the  W A V E calculations discussed in ch a p te r  3 and  also from  
observing the  w aveguide ou tp u t on an  IR  cam era . W ith th e  light tightly  confined , 
the  m ajo rity  of the  guided light was directly  u nder th e  e lec trode  and  thus
experienced  the effects o f the  electric  field. It was th e re fo re  decided  to  use the
co n fin em en t fac to r o f the  slab w aveguide to rep resen t th e  co n fin em en t o f the  stripe
waveguides.
T h e  overlap  o f th e  in tensity  of the  op tical m ode an d  th e  app lied  elec tric  field 
o f the  slab guide is show n schem atically  in figure 5 .10 fo r bo th  th e  L E O  and
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Figure 5.10
Confinement o f the guided mode to the active region o f  an MQW  
waveguide for:
(a) Linear Electro-optic effect and
(b) Quadratic Electro-optic effect.
Q E O  effects. In o rd e r to obtain  the re levan t co n fin em en t fac to r, expressions fo r a 
co n fin em en t fac to r to the active region, w eighted w ith the  e lectric  field s treng th  in 
each  reg ion  of th e  waveguide, were derived . T h e  co n fin em en t factors T 1 and  V 2 
w ere th e n  o b ta in ed  from  these expressions.
Section 5.4.2 Linear Confinement T1
W hen considering  the L EO  effec t, the  in trinsically  doped  A lG aA s spacer 
reg ion  o f th e  cladding layer experiences th e  large electric  field of the  reverse 
biased p — i— n diode. As a resu lt, this region also con tribu tes to the  change in the 
effective index  of the  waveguide th rough the  L E O  effec t. H en ce , in calcu lating  the 
co n fin em en t fac to r T , ,  the  intrinsically doped  spacer layer has to  be included  in 
th e  o verlap  in tegra l. C alculating  the  p artia l co n fin em en t factors y 1 and  y 2 fo r 
reg ions 1 and  2 o f figure 5.10(a) sim ply involved including regions 1 and  2 in the  
in teg ra tio n  o f ^  in the  n u m era to r of the  con fin em en t fac to r:
, t / 2  d / 2
E 0 | t , ( x ) | 2 dx + 2 E0 | * , ( x ) |
- t / 2  t / 2
2 dx
T t+ 72 = ------------------------------------------------------ — ----------------------------------- ( 5 - 7 )
/•oo - d - /  2
l * ( x ) | 2 d x  E q dx
-CO - d / 2
and  a re  the  guided m ode functions o f the  w aveguide in the  guiding 
reg ion  an d  cladding layers and are  given by:
^ 1 =  cos(2ux/t) 
and  ^ 2=  cos(u ).ex p [ w ( l— | x | / t )  ]
w here t is th e  w idth of the  guiding region and  u and  w are  given by: 
u=  7r t /X ( n 1 2 -  n e 2)£  
a n d  w= x t / X  ( n e 2 -  n 2 2) ^
w ith n 1 an d  n 2 being the  refractive indices of the  M Q W  guide layer and  A lG aA s 
c ladding  layer respectively  and ne the effective index of th e  w aveguide.
T h e  e lec tric  field streng th  in the in trinsic reg ion  was been  ap p ro x im ated  to  a 
co n stan t E 0, although  in reality  th ere  is a varia tion  o f 3x10 — 4 V /cm  across the  
reg ion  in w afer M V348. Substituting the  re levan t expressions fo r ^  in to  equation  
5 .7 , th e  follow ing expression was derived fo r the con finem en t fac to r to regions 1 
and  2:
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1 / w .  c o s 2 ( u ) .  e x p [  2 w ( l - d / t ) ]
7 , + 7 j  -  1 -    ( 5 . 8 )
1 + l / ( 2 u ) . s i n ( 2 u )  + l / w . c o s 2 ( u)
F o r a given w avelength , the  value of 7 1"f' 7 2 *s co nstan t f ° r a ll voltages 
app lied  to  the  w aveguide since the width of the  region does no t vary. H ow ever, in 
calculating th e  co n fin em en t to  region 3, the  varia tion  in th e  dep le tion  widths Xp 
and  xn had to  be taken  into account, tog e th er w ith th e  x dependence  of the 
electric  field stren g th . T h is was calcu lated , and  found  to  con trib u te  less th an  1%  to 
the  con fin em em t fac to r and  so was neglected .
Section 5.4.3 Quadratic Confinement T2
C alculating  r 2, th e  confinem ent o f the  op tica l field in th e  active region for 
the  Q E O , was less com plex . Since the Q E O  in bulk G aA s [V an E ck  e t al ’86] is 
2 o rd ers  o f m agn itude  less th an  in M Q W  G aA s [G lick e t al ’87], the  con finem en t 
of th e  op tical field  in the  M Q W  guiding region need  on ly  be considered . H ence , 
th e  stan d ard  expression  fo r the  confinem ent fac to r o f a guided m ode can  be used :
1 + l / ( 2 u ) .  s i n ( 2 u )
r >  ---------------------------------------------------------------------  ( 5 . 9 )
1 + l / ( 2 u ) . s i n ( 2 u )  + 1 / w .  c o s 2 ( u )
Section 5.4.4 Evaluating T, and T2.
T h e  co n fin em en t factors T , and T 2 w ere used in calculating the  linear and  
quadra tic  e lec tro —optic  coefficien ts, r 63 and  s, o f th e  M Q W  m ateria l a t a num ber 
of w avelengths app ro ach in g  the  m ateria l band  gap. It m ust be no ted  th a t these 
co n fin em en t fac to rs varied  with w avelength on  two accounts. F irstly , the
co n fin em en t has a w avelength dependency  th rough  u and  w. Secondly, the  
w avelength dep en d en cy  o f the  refractive index o f bo th  th e  M Q W  guiding region 
and the  A lG aA s cladding also affec ts the  effective index of the w aveguide and 
hence  u and  w. T h e  effective index of the  w aveguides w as  th e re fo re  calcu lated  at
each  w avelength  before  T , and  T 2 could be ob ta ined .
T o  ca lcu late  the  effective index of the  w aveguide, th e  values of the  refractive 
index o f th e  A lG aA s cladding layer were calcu lated  fo r each  w avelength [A dachi 
'85]. F o r th e  M Q W  guiding reg ion , the  values o f the refrac tive  index w ere taken  
from  d irec t m easu rem en ts o f the  refractive index o f M Q W  w aveguides (Chen e t al
'87]. T h e  M Q W  stru c tu re  used fo r these m easurem ents was very  sim ilar to  th a t of
M V348, consisting o f 25 periods of 8nm  G aA s wells and  8nm  A lG aA s barriers  with
79
frac tional Al com position  of x =  0.26. U sing these values was considered  m ore 
accu ra te  th an  calculating them  using the rm s values [O hke e t al '85] because the 
large d ispersion o f refrac tive  index a t w avelengths so close to  th e  exciton ic  band 
edge is no t taken  in to  accoun t by the rm s m ethod . U sing these values o f refractive 
index, the  effective index of the  slab waveguide was ca lcu lated  using th e  effective 
index m ethod  and  the  con fin em en t factors T , and  T 2 calcu lated .
SECTION 5.5 LINEAR ELECTRO-OPTIC EFFECT (LEO) IN MV348
WAVEGUIDES.
Section 5.5.1 Isolating the LEO Effect.
TE Polarisation.
T o  isolate the  L E O  effec t from  the  m easurem ents o f An against voltage, the  
data  show n in figures 5 .6  and  5.7 fo r the  p ropagation  d irec tions [1T"0] and  [110] 
was substitu ted  in to  equation  5 .6 (a ). T he  isolated refrac tive  index change p lo tted  
against e lectric  field stren g th  (E ) in figure 5 .11(a) th en  gave th e  values o f the 
L E O  coeffic ien t r 63 a t th e  d iffe ren t w avelengths. T he  index changes as a function  
o f e lec tric  field lie essentially  on  a single stra igh t line fo r all th e  w avelengths 
m easu red , ind icating  tw o im p o rtan t fea tu res. F irst, a L E O  has been  iso lated , 
im plying th a t no o th e r  significant e lec tro— optic effect w hich has th e  d irectional 
d ep en d en ce  exists in  th e  w aveguides. Second, th e  L E O  is n o t highly w avelength 
d ep en d en t fo r ph o to n  energ ies in the  range 105m eV  to  34m eV  below  the  e l — h h l 
exciton  peak .
T h e  g rad ien t o f th e  curves, substitu ted  in to  equation  5 .6 (a) to g e th e r w ith the 
co n fin em en t fac to r ( T , ) ,  gave the  value of the L EO  coeffic ien t r 63. T h e  d ispersion 
of th e  M Q W  refractive index was also taken  into accoun t for the  n 0 3 te rm  in 
equation  5 .6 (a) by using values o f the calcu lated  w aveguide effective index a t each 
w avelength.
T h e  w avelength d ependence  of the  cefficient r 63 is p lo tted  in fig. 5 .11(b), 
show ing as a general tren d  a decrease in the L E O  coeffic ien t r  6 3 w ith w avelength. 
T h e  values o f the  L E O  coeffic ien t are  com parable  with th e  m easured  values of 
l . 7 x l O- 1 2 m/ V and  1.6xlO- 1 2 V/ m a t w avelengths 30m eV  and  50m eV  from  the 
exciton  respectively  [G lick e t al '87].
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Figure 5.11
Directionally dependant electro-optic effect in MQW waveguides in M V348.
(a) Isolated refractive index change at a number o f wavelengths as labelled  
at the side o f the graph.
(b) Wavelength dependance o f the linear electro-optic (LEO) coefficient 
in MQW material M V348.
TM Polarisation.
M easurem en ts of An for TM  po larisation  w ith p ropagation  along both  the 
crysta lograph ic  d irec tions [110] and  [1T0] w ere carried  ou t. T he d ifference in the 
index change for these two directions was no t as significant, in con trast to T E
po larisa tion . F o r com parison , figure 5 .9  shows m easu rem en ts of An fo r p ropaga tion
along th e  crystalographic  directions [1T0] and  [110] w ith TM
polarisa tion  a t tw o w avelengths.
W ith in  th e  accuracy  of the  m easuring  system , th e re  appears to be no 
d iffe ren ce  betw een  th e  e lec tro— optic  e ffec t fo r these two propagation  d irections.
T h e  ind ica tion  from  this is th a t the  lin ear e lec tro — optic  effect is absen t from
M Q W  G aA s w ith po larisation  p erpend icu la r to  th e  quan tum  wells. T his is observed
in bulk G aA s [F aist e t al '87] and  also p red ic ted  by crystal sym m etry  fo r bulk
crystals w ith po in t group  sym m etry  T3m in  an  e lectric  field along the d irec tion  of 
po la risa tion  (S ection  2 .5 .1 ).
Section 5.5.2 Discussion of LEO Effect in MQW GaAs/AlGaAs.
In  discussing the  results fo r isolating the  L E O  effec t in G aA s/A lG aA s M Q W
th e  resu lts will be com pared  with da ta  and  th eo re tica l studies published in the  
lite ra tu re . T h e  L E O  effect in M Q W  m ateria l has received lim ited  a tten tio n  because 
of th e  d o m inance  of th e  quadratic  e ffec t close to  th e  band  edge. H ow ever, to
co m p are  th e  above m easured  values of the  L E O  coeffic ien t with those m easured  by 
o th e rs  in bo th  M Q W  and bulk G aA s, tab le  5.1 has been  included, listing the  
values published  in the  lite ra tu re .
Experimental Studies of LEO in MQW Materials.
M easurem ents have been carried  ou t a t w avelengths both  close to and  far
from  th e  band  edge of M Q W  G aA s [G lick e t al '85 , '86 and  '87] and  also far
from  th e  band  edge in bulk G aA s [G lick e t al '88]. M easurem ents m ade a t two
w avelengths 50 and  30m eV  from  the l e —l h h  transition  [G lick e t al '87] show ed 
th e  v a ria tion  in r 63 of 0 .1x10“  1 2m /V , w ithin ex p erim en ta l e rro r . T h e  ind ication  
from  these  m easu rem en ts is th a t any d ipersion  in r 63 in M Q W  G aA s/A lG aA s is 
no t significant.
In  assessing w hether th ere  are  any  advantages in utilising the  L E O  effec t in 
M Q W  G aA s over bulk G aA s, a com parison  of the  L E O  effec t in the  two m ateria l
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types was ca rried  ou t a t 1.15/xm [G lick e t al ’88]. T h ey  found a varia tion  o f only 
3%  in th e  L E O  coeffic ien t r g3 for the th ree  stuctures exam ined . T h is varia tion  is 
m ore likely to  o rig inate  from  the  d ifference in th e  average Al co n cen tra tio n  of the 
sam ples, ra th e r  th an  the  d iffe ren t m ateria l types.
Theoretical Models of LEO in GaAs.
W ith  the  sim ilarity  in r 63 betw een M Q W  and  bulk G aA s, it is w orth  while 
looking a t th e  th eo re tica l m odels fo r the  L E O  in bulk G aA s. T h e  L E O  effec t as
stud ied  by [A dachi e t a l ’84] in bulk G aA s looked a t th e  varia tion  of bo th  r ^
an d  r ^ , ,  th e  s tra in  free  and  stress free  L E O  coeffic ien ts respectively , at
w avelengths ap p ro ach in g  the  band gap. T he  m odel p red ic ted  a co n stan t, negative 
value fo r r 41 a t w avelengths away from  the  band  gap w ith a sharp  increase in
| r 41 | fo r w avelengths w ithin 200m eV  of the  band  gap.
T h is is how ever in con trast to bo th  the  calcu lations and  m easurem ents o f r 41 
m ade by [Suzuki ’84] on  bulk G aA s. B oth  th e  m odel an d  experim en ta l 
m easu rem en ts show  a steady  decrease in r 41 from  1.55x10“  12 to  1 .33x10“  1 2m /V  
across th e  w avelength  range 1.55 to  1 .06/im . T his spec tra l varia tion  is o f the  sam e 
o rd e r as th e  varia tions found  in the  p resen t m easu rem en ts o n  M Q W  w aveguides, 
thus reinforcing th e  sim ilarities o f the  L EO  in bulk G aA s and  M Q W  G aA s/A lG aA s 
w hich w ere ind ic ted  by [G lick e t al ’88].
Section 5.5.3 Conclusions.
T h e  L E O  effec t has been  successfully iso lated  from  the  m easurem ents o f the  
e lec tro — op tic  effec t in M Q W  G aA s/A lG aA s w aveguides and  th e  L E O  coefficien t 
r 63 evaluated . T h is has been  done for T E  propagating  m odes a t p h o to n  energ ies 
from  105m eV  to  34m eV  below  the  e l —hhl  exciton  peak . T h e  m agnitude o f r 63 
has been  show n to  be com parab le  to th a t m easued in bulk G aA s, indicating tha t 
utilising th e  L E O  effec t in M Q W  G aA s/A lG aA s o ffers no  advantages over bulk 
G aA s.
T h e  resu lts have show n th a t th e re  is a sm all decrease in r 63 a t w avelengths 
ap p ro ach in g  th e  m ateria l band  gap, w hich is again  sim ilar to  th e  effec t seen  in 
bulk G aA s. T h is is, how ever, in con trast to the  L E O  in InG aA s/G aA s M Q W  
w aveguides, w here m easurem ents have shown th a t th e re  is a large increase in the 
L E O  coeffic ien t a t w avelengths close to  th e  absorp tion  edge [D as e t al ’88].
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F rom  m easurem ents o f the  e lec tro— optic effect w ith T M  po larisa tion , the  LEO  
e ffec t has been show n to  be absent. F o r this po larisa tion  and  electric  field
d irec tion , crystals w ith p o in t group sym m etry  4"3m such as G aA s exhib it no LEO  
effect. T h is is ind icated  by the tenso r equation  (2 .25), and  so the  absence of the 
e ffect is th e re fo re  consisten t with the  po in t group sym m etry  of the  M Q W  m aterials.
S E C T IO N  5 .6  Q U A D R A T IC  E L E C T R O -O P T IC  E F F E C T  (Q E O ) IN  M V348
W A V E G U ID E S .
S ec tion  5 .6 .1  Iso la ting  th e  Q E O .
T E  P o la risa tio n .
T h e  results o f An against voltage show n in figures 5 .6  and  5.7 w ere used to 
isolate th e  Q E O  effec t in the  waveguides by substitu tion  o f th e  da ta  po in ts into 
equation  5 .6 (b ). As w ith the  L E O , the  electric  field stren g th  in the  p —i—n
stru c tu re  was calcu lated  fo r the  voltages, and  in o rd e r to  verify  th a t this 
d irectionally  in d ep en d en t e lec tro — refractive effect is quadra tic  w ith elec tric  field
stren g th , the  iso lated  index change was p lo tted  against E 2 (figure 5 .12). T h e  curves 
a re  linear fo r all w avelengths w ith the index changes increasing dram atica lly  for 
w avelengths app roach ing  the  e l —hhl  exciton  peak. T his ind icates th a t, in a 
w avelength  range o f 105m eV  up to  34 m eV  below  the  exciton ic  band  edge, the 
e lec tro — refractive e ffec t leads to  a change in refractive index  (An) w hich is 
quadra tic  w ith electric  field and  th a t no o th e r d irec tionally  in d ep en d en t
e lec tro — op tic  e ffec t was p resen t in  the  waveguides.
T o  calcu late  the  quadra tic  e lec tro—optic  coefficients s 33 a t each  w avelength , a 
least squares fit to  the  g rad ien ts o f the curves in figure 5 .12 was substitu ted  into 
equation  5 .6(b) to g e th er w ith the  calcuated  confinem ent fac to r to  give th e  Q E O  
coeffic ien t s 33 . T h e  w avelength dependence  of s 33, p lo tted  in figure 5 .13 , shows a 
non  linear increase in th e  e lec tro — refractive effec t, w ith the  effec t in c re a s in g  
dram atica lly  a t w avelengths in the  spectra l region o f large e lec tro — abso rp tion .
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Figure 5.13
The wavelength dependance of the quadratic electro-optic coefficient s 
for TE polarisation in MQW material MV348 at wavelengths close to 
the material band gap.
T M  P o la risa tio n .
It has a lready  been  verified th a t no L EO  effec t was found  in the  waveguides 
fo r T M  po larisa tion  (section  5 .5 .1 ) and  th a t th e  m easu red  e lec tro —optic  effect 
shows no d ep en d en ce  on  the  d irection  of p ropagation  of th e  waveguides. P lotting 
the  m easured  index change (An) for TM  po larisation  as a function  of E 2 (figure 
5.14) shows a c lear quadratic  dependence  of An w ith elec tric  field s treng th . As 
with the  T E  po larisa tion , th e re  is a significant increase  in the  m easured  An for 
w avelengths ap p ro ach in g  the  absorp tion  edge. W ith  th e  absence o f the  L E O  effect 
in the  w aveguides, the  only  significant e lec tro — op tic  effec t is th e re fo re  the  
d irectionally  in d ep en d en t e lec tro — refractive effec t and  th is can  be described  as a 
Q E O  effec t in  th e  w avelength  range 115m eV  to  28m eV  from  th e  band  gap.
T h e  Q E O  coeffic ien ts s 33 w ere ca lcu lated  fo r each  w avelength  in  th e  sam e 
way as w ith T E  po larisa tion . F o r the  con finem en t fac to r T , ,  th e  effective index of 
the  w aveguides was calcu lated  using th e  values o f M Q W  refrac tive  index fo r TM  
po larisa tion  [C hen  e t  al '87 j ,  so th a t the  absence o f th e  e l — hhl  exciton  transition  
was tak en  in to  accoun t. T h e  resulting values o f s 33 against w avelength , show n in 
figure 5.15 show  th e  sam e functional fo rm  as fo r T E  po larisa tion .
S ec tion  5 .6 .2  C o m p ariso n  o f Q E O  in  M Q W  m a te ria l fo r  T E  a n d  T M  p o la risa tio n
T h e re  ap p e a r to  be large sim ilarities in th e  Q E O  e ffec t in  th e  w aveguides for 
T E  and  T M  po larisa tions. F o r bo th  po larisations, th e  Q E O  effec t is d irectionally  
in d ep en d en t, and  show n to  increase w ith th e  sam e functional fo rm  in  both  
instances.
T o  co m p are  th e  Q E O  effect for th e  two po larisa tions, th e  coeffic ien t s 33 has
been  p lo tted  in  figure 5 .16 as a function  of (X— Xg), w here Xg is th e  w avelength
of peak  abso rp tion  o f the  e l —hhl  and e l —lhl  exciton  fo r T E  and  T M  polarisation 
respectively . T h e  strong  sim ilarity  of th e  coeffic ien ts im plies th a t ju st below  the
band  gap in th e  w aveguides, the  Q E O  effec t is dom inated  by the
e lec tro — re frac tio n  associated  w ith th e  lowest energy  exciton  peak . T h is is supported  
by calu lations o f e lec tro —refrac tio n  in quan tum  well G aA s/A lG aA s [H iroshim a '87] 
w hich show ed th a t th e re  is a large index change in  th e  vicinity of th e  excitonic 
peaks in an  elec tric  field.
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The wavelength dependance o f  the quadratic electro-optic (QEO) coefficient s 
for TM polarisation in MQW material M V348 at wavelengths close to the 
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Comparison o f  the Quadratic Electro-Optic Coefficient for TE (□ )and TM ( ♦ )  
polarisation in M QW  sample M V348 as a function o f  wavelength from band-gap 
(X-X g ) where Xg is the wavelength o f  the e l-h h l and e l- lh l  exciton transition 
for TE and TM  polarisation respectively.
Section 5 .6 .3  Discussion of the Q EO  Effect In M QW  M aterial.
In  assessing th e  m easured  values of the Q E O  coeffic ien t, the  studies o f the 
Q E O  carried  ou t by o th ers  in both M Q W  and bulk G aA s will be discussed. T he 
values o f th e  Q E O  coeffic ien ts published for both  M Q W  and  bulk m ateria ls have 
been included  in tab le  5 .1 .
W ith  the  excep tion  of [Z ucker e t al '88(b)], no study o f the full spectral 
dependence  o f th e  Q E O  effec t a t pho ton  energies close to  the  band edge o f M Q W  
m ateria l has been  rep o rte d , w ith m ost w orkers m easuring  a t the  m ost two 
w avelengths. Z u ck er used a M ac h -Z e h n d e r in te rfe ro m e te r system  to  m easure the 
change in  re frac tiv e  index  th rough  the  e lec tro— optic  effec t o f a  slab w aveguide
con ta in ing  two 9 .4 n m  quan tum  wells and  show ed large index changes a t w avelengths
close to  th e  exciton  resonances.
T o  o b ta in  th e  L E O  and  Q E O  coefficients r  and  s, Z ucker fitted  th e  values of 
An(E) to  th e  equa tio n :
A n(E ) =  - * n 0 3 ( r E  +  s E 3) (5 .10)
for w avelengths betw een  10 and  70 m eV  below  th e  band  gap and  fo r bo th  T E  and
T M  p ropaga ting  m odes. T h e  values quoted fo r r 63 and  s 33 are  no t included in 
tab le  5.1 since no  co rrec tio n  fo r the  confinem ents T , and  T 2 was m ade, 
p reven ting  a d irec t com parison  of the  Q E O  in the  sam ples. H ow ever, the 
w avelength  d ep en d en ce  of th e  Q E O  coeffic ien t s 33 show ed sim ilar tren d s to  those 
seen in M V 348, a lthough  the  values of s 33 for T E  po larisation  range from  
— 1.5x10"“ 2 ° m 2/ V 2 to  +  1.5x10“  2 ° m 2/ V 2. W ithin th is sam e w avelength range, the  
L E O  coeffic ien t is seen  to  vary from  — 3.8x10“  1 2m /V  to  — 0 .2x10“  1 2m /V , a 
varia tion  m uch  larger th an  seen in the  p resen t w ork o r by o th ers  [G lick e t al '88]. 
F o r T M  po larised  light, the  L E O  was show n to  have a fin ite  value of 
r ,  3« ± 0 .3 x10“  1 2m /V .
F itting  ex p erim en ta l da ta  to  equation  5.10 was also used in  assessing a phase 
m odu la to r [Z ucker '88(a)] p ropagating  a T M  polarised  m ode. T h is yielded a L E O  
coeffic ien t r 3 3=  7 .34x10“  12 m /V , a x5 increase on  th a t o f T E  polarised  light. It 
has, how ever, been  show n in the p resen t work and  by o th e rs  [G lick e t al '88] th a t 
the  L E O  effec t is absen t in M Q W  m ateria l fo r T M  polarisa tion . It th erefo re  
ap p ears  th a t th is m ethod  does no t effectively identify  the origins o f the index 
change, ie w h eth er the  index change orig inates from  th e  L E O  o r Q E O  effects. 
T h e re  is th e re fo re  som e doub t in the  work rep o rted  by [Z ucker e t al '88(b)] on
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the  Q E O  coefficients s 33 of G aA s/A lG aA s M Q W .
T h e  spectral dependence  of the Q E O  coefficien t ( R 33—R 13), the  d ifference  in 
th e  Q E O  effect betw een  T E  and  TM  polarised  light, in slab w aveguides contain ing  
30 x 12 .2nm  quan tum  wells was exam ined  by [G lick e t al '87]. A n increase in the 
Q E O  coeffic ien t was observed  in going from  a w avelength 50m eV  to  30m eV  below  
the  band gap. In o rd e r to  com pare  the  values of Q E O  coeffic ien ts m easured  by 
[G lick e t al '88] w ith the  p resen t values, the  d ifference betw een  the coeffic ien ts for 
T E  and  T M  po larisation  m ust be considered . U sing the  coeffic ien ts show n in figure 
5.13 fo r T E  po larisation  and  figure 5.15 fo r TM  po larisa tion , we o b ta in :
s 3 3 (TE)  -  s  3 3 (TM) -  2 1 . 5m2/ V 2 a t  AE-50meV 
s  3 3 (TE)  -  s  3 3 (TM) -  72 m2/ V 2 a t  AE=34meV
A lthough larger by a fac to r o f 3.5 th an  those rep o rted  by G lick e t a l, the
increase across the  w avelength range in bo th  cases is a fac to r o f 3 .2 . C om paring  
the  published values o f th e  Q E O  coeffic ien t s 3 3 in M Q W  w aveguides, [B radley  e t 
al '89(a)] have ob ta ined  a single value of s 33 com parab le  w ith th e  p resen t by
asssum ing the  L E O  ceoffic ien t o f 1 .6x10“  1 2m /V  as m easured  by [G lick e t al '86],
and  th en  fitting  th e  An(E) data  to  equation  5 .6 (b ).
C onsidering  o th e r m ateria l types, the  e lec tro— optic  effec t in InG aA s/G aA s 
stripe  w aveguides was m easured  to  be highly w avelength d ep en d an t [D as e t al '88] 
fo r bo th  the  L E O  and  Q E O  effects. T h e  dispersion o f the  L E O  effects in
InG aA s/G aA s M Q W  m ateria l is consisten t w ith the L E O  effect in bulk InG aA s.
Theoretical Modeling of the QEO in MQW Material.
C onsidering  the  dom inance  o f the  e lec tro — refractive e ffec t w hich m anifests as 
a Q E O  effect in M Q W  m ateria l at w avelengths close to  th e  band  gap, m odelling 
o f th e  effec t has received little a tten tio n , the m ost com prehensive  being th a t of 
[H irosh im a '87]. T he  absorp tion  edge o f M Q W  G aA s/A lG aA s was m odelled , taking 
in to  accoun t bo th  the  allow ed exciton  transitions e l — h h l and  e l  — lh l and  also the 
fo rb idden  exciton  transition  e l — h h 2 , which becom es allow ed in th e  p resence  of an  
e lec tric  field [Collins e t al '86]. T o  calcu late  the  refractive index change resulting  
from  th e  Q C S E , the  S tark  shift o f the excitons [M iller e t al '84] and  the  changing 
oscilla tor streng th  of the exciton transitions [W hitehead  e t al '88(a)] w ere m odelled . 
T h e  b roaden ing  of the  exciton  line w idth was neglected , a lthough  th is is seen  to  be 
a significant effect in th e  e le c tro -a b s o rp tio n  of th e  p resen t m ateria l M V348. T he
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change in refractive index, calcu lated  a t w avelengths bo th  above and  below  the 
abso rp tio n  edge, using the  K ram ers— K ronig tran sfo rm , show ed the  refrac tive  index 
of th e  m ateria l increasing by app rox im ate ly  10— 2 in an  electric  field o f 80kV /cm  
fo r w avelengths 20m eV  from  th e  e l — hhl  exciton  transition . M easurem ents in the  
p resen t w ork w ere only carried  ou t fo r w avelengths up to 30m eV  from  th e  e l — hhl  
exciton  tran sitio n , show ing An o f *10“ 3 a t field strengths o f 80kV /cm . T he  
ca lcu lations would th e re fo re  seem  to  have reasonab le  ag reem en t w ith th e  p resen t 
m easu rem en ts.
B o th  m easu rem en ts [B ach e t al '83] and  calculations [A lping e t al '87] indicate 
th a t th e  e lec tro — refrac tive  effec t observed  in bulk III— V sem iconductors is two 
o rd e rs  o f m agnitude less th an  in  M Q W  m ateria ls. In bulk sem iconducto rs, 
e lec tro — re frac tio n  is re la ted  to  th e  F ran z— Keldysh e ffec t fo r w hich th e  absorp tion  
changes exh ib ited  a re  sm aller, and  so the  e lec tro — refrac tion  is correspond ing ly  
sm aller.
Section 5.6.4 Conclusion.
A n e lec tro — optic  e ffec t in M Q W  G aA s/A lG aA s w hich is in d ep en d en t o f the 
d irec tion  o f p ropagation  of th e  w aveguides (crystallographic d irec tions [lTO] or 
[110]) has been  isolated. T his effec t has been  show n to be highly w avelength 
d ep en d en t a t pho to n  energ ies close to  th e  absorp tion  edge and  to  be p resen t for 
b o th  T E  and  TM  propagating  m odes. T h e  refrac tive  index change, resu lting  from  
e lec tro — re frac tio n  associated  w ith th e  quan tum  confined  S tark  shifting  o f the  
exciton  resonances, m anifests as a quadra tic  e lec tro— optic  effec t. T h e  quadratic  
e lec tro — op tic  coefficients s 3 3 associated  w ith the  e lec tro— re frac tio n  have been  
m easu red  and  show n to  increase rap id ly  a t w avelengths app roach ing  th e  exciton 
resonances. C om parison  o f s 3 3 fo r T E  and  T M  po larisation  has show n th a t, at 
p h o to n  energ ies a few  10 's  o f m eV  below  the  band  gap, the  refrac tive  index 
changes a re  dom inated  by the S tark  shifting of the  lowest energy  exciton . T he 
re frac tive  index changes a re  also 2 o rders of m agnitude g rea te r th an  those  seen in 
bulk  G aA s. As such, the  enhanced  e lec tro — optic  effect in M Q W  G aA s/A lG aA s 
offers advantages over bulk G aA s in e lec tro — op tic  devices.
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SECTION 5.7 CONCLUSIONS.
T h e  e lec tro — optic effect exhibited  by M Q W  G aA s/A lG aA s waveguides has 
been  stud ied  using a M ach— Z eh n d er in te rfe ro m eter system  fo r m easuring the  phase 
m odula tion  in the  w aveguides. In the analysis o f the e lec tro — optic effects in the
w aveguides, th e  spectra l range co ncen tra ted  on  was the  region w here the  m ateria l
exh ib ited  strong  e lec tro — absorp tion  th rough  the  Q C SE . In this reg ion , the
waveguides th e re fo re  showed a large phase m odulation  th rough  the 
e lec tro — refrac tiv e  effect.
T h e  e lec tro — op tic  m easurem ents were ca rried  ou t on  stripe waveguides with
d irec tio n  o f p ro p ag a tio n  along the  crystalographic d irections [lTO] and  [110] and  for 
po la risa tion  in  th e  p lane of the  quan tum  wells (T E  polarisation) and  perpend icu la r 
to  th e  p lane  o f th e  quan tum  wells (T M  po larisa tion ). W ith an  electric  field app lied  
p e rp en d icu la r to  th e  p lane of the  wells, th e  e lec tro — op tic  effect was show n to  be 
d irec tionally  d ep en d an t fo r T E  po larisation , w ith An being largest for p ropagation  
along [1T0] and  highly w avelength depen d an t fo r bo th  T E  and  TM  polarisations
T h e  index  change was separa ted  in to  tw o com ponen ts. T h e  first was th e  linear 
e lec tro — op tic  (L E O ) effec t which was only exhib ited  fo r T E  polarisa tion , and  was 
show n to  have a d irectional dependance  w hich gave rise to  a negative An fo r
p ro p ag a tio n  along [110] and  positive fo r p ropaga tion  along [1T0]. T h e  LE O
coeffic ien t r 63 was calcu lated  to  be 1 .6x10“  1 2c m/ V fo r T E  po larisation  and  was 
show n to  be in d ep en d en t on  w avelength in th e  w avelength range studied . T his is
co m p arab le  w ith th e  L E O  coefficient found  in bulk G aA s, which also shows
m inim al w avelength  dependancy . T he  absence of the  L E O  effec t fo r TM  
po larisa tion  is consisten t with the  result in bulk III— V sem iconductors w ith the 
given e lec tric  field  d irec tion . It can th e re fo re  be concluded  th a t the  L E O  effect 
exh ib ited  by M Q W  G aA s/A lG aA s does no t significantly  d iffer from  th e  effect 
exh ib ited  by bulk G aA s.
T h e  second  co m p o n en t to the  e lec tro—optic  effec t was p resen t fo r bo th  T E  
and  T M  polarisa tions and  show ed no d irec tional dep en d an ce . T h e  index change, 
w hich was show n to  be a quadratic  e lec tro—optic  (Q E O ) effec t was how ever highly 
w avelength  d ep en d an t, w ith An increasing d ram atically  w ith w avelength. T his 
e lec tro — op tic  effec t is due to the e lec tro— refrac tio n  associated  to the Q C SE  in the  
M Q W  m ate ria l. A  Q E O  coefficien t was ca lcu lated  fo r both  T E  and  TM  
po larisa tion  a t all th e  w avelengths considered  and  was found  to  be highly d ep en d an t 
upon  X - Xg, w here X is the  w avelength of the  light and  Xg is the  w avelength for
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w hich the  abso rp tion  of the  e l —hhl  and e l — !hl exciton  peaks are  m axim um . It 
was th e re fo re  concluded  th a t, a t pho ton  energies just below  th e  m ateria l absorp tion  
edge, the  e lec tro — refrac tio n  is dom inated  by the shifting  o f the  lowest energy 
exciton  peak . In  com paring  the  Q E O  effec t exhib ited  by bulk G aA s w ith th a t 
m easured in the  G aA s/A lG aA s M Q W  waveguides, the  change in refractive index 
was found to  be greatly  enh an ced  in M Q W  G aA s/A lG aA s.
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C h a p te r  6 E L E C T R O - O P T IC  D IR E C T IO N A L  C O U P L IN G  S W IT C H .
Section  6.1 IN T R O D U C T IO N .
T h e  e lec tro —optic  effec t exhib ited  by M O W  G aA s/A lG aA s stripe  waveguides 
has been  show n to  be en h an ced  a t w avelengths close to  th e  m ateria l absorp tion  
edge due  to  th e  e lec tro — refrac tive  effect. It should be possible to  utilise th e  large 
changes in refractive index experienced  in in tensity  m odulators [S oref e t al ’88] o r 
phase m odulato rs [B radley e t al '89(b)]. In som e o f these devices, th e re  are  
associated  problem s w ith the  large e lec tro — absorp tion  [B radley e t al '89(a)] 
exp erien ced  by th e  m ateria l. F o r in stance, sim ultaneous am plitude  m odulation  in 
M Q W  phase m odu la to r w aveguides is no t a desirable fea tu re  and  in in teg ra ted  
M ach—Z eh n d e r m odula to rs [Z ucker e t al '90], a loss o f power* in one a rm  o f the 
device can  lead to poor modulation .
O n e  device w hich avoids the  prob lem  o f e lec tro — abso rp tion  is the 
e lec tro — optic  d irec tion  coupling switch (E O D C S) which has been  dem o n stra ted  in 
bulk G aA s/A lG aA s w aveguides [T akeuchi e t al '86]. Passive d irec tional couplers 
have been  d em onstra ted  in M Q W  G aA s/A lG aA s waveguides [M acB ean e t al '86(b)] 
and  now  the  design, fab rica tion  and  successful dem onstra tion  o f the  E O D C S in 
M Q W  G aA s/A lG aA s w aveguides is described  in this C h ap te r.
S ection  6 .2  D E S IG N  O F  D IR E C T IO N A L  C O U P L E R .
S ec tio n  6 .2 .1  P rin c ip le  o f O p e ra tio n  o f th e  D evice.
T h e  o p era tio n  of a d irec tional coupling switch is ou tlined  in th is section , 
beginning with a passive d irectional coupler. T he devices considered  here  are 
d irec tional couplers consisting o f two identical paralle l stripe w aveguides w hich a re  
close to g e th er (3 /un  wide w aveguides sep ara ted  by 3 /un  in th is instance). L ight is 
coup led  in to  one of these waveguides (say w aveguide 1) and  the  coupling  o f the 
evanescen t tail o f the  confined  m ode leads to  the light being coupled  in to  the 
ad ja c e n t w aveguide (say w aveguide 2). Assum ing th a t the  pow er o f light P 0 is 
coup led  in to  w aveguide 1 of a lossless coup ler, th en  th e  pow er in w aveguides 1 
and  2 a t a p o in t y along the  length  of the  device is given by:
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p . ( y )  -  p o ( K 2 + \ i -) c o s 2 [ ( K2 + 5 2) f  y ]  ( 6 . 1 a )
*Vy> -  po - p.<y> (6-ib)
w here K is th e  coupling coeffic ien t betw een the  waveguides and  5 is th e  m ism atch 
b etw een  th e  waveguides. T hus, along the  length  of the  device, light tran sfers  from  
one  w aveguide o f the  device to the  ad jacen t waveguide. If the  w aveguides a re  
iden tica l, 6 = 0  so pow er varies as c o s 2(Ky) a long the  device length  and  a t the 
coup ling  leng th  Lc the  cond ition  K Lg= ir/2 is reached  and  the light transfers 
com ple te ly  from  waveguide 1 to  w aveguide 2.
By p ertu rb in g  one of th e  w aveguides, th e  change in the  effective index  (An) 
in troduces a d ifference  in the  p ropaga tion  constan t (0 ) betw een the  two w aveguide 
m odes, w here A 0  is given by A/3= 2 x  An/Xg, w here Xg is the  w avelength  o f the  
ligh t in  th e  w aveguide. T he  p e rtu rb a tio n  changes the  coupling length  o f th e  device, 
such th a t th e  pow er ou tp u t from  w aveguides 1 and  2 o f a device o f length  
K L =  t / 2  is given by [Soref e t al ’88]:
P 1 ( o u t p u t )  -  P 0e x p A0L 1
p J c o s ( g L )  ± ( i - l / p )  | s i n ( g L )  ( 6 . 2 a )
P 2 ( o u t p u t )  = P 0e x p -A(3L i ir
P 2gL
s i n ( g L )
w here  ( g L ) 2 =  (1 +  i / p ) 2. (A 0 L /2 )2 +  ( t t /2 ) 2
and  p =  An/Ak.
( 6 . 2 b )
W ith  A|3= 0 the  ou tp u t from  w aveguide 2 o f the device is P 0, bu t by 
in troduc ing  a p ertu rb a tio n  A@U=J?>.r th e re  is a  to ta l tran sfe r o f pow er aw ay from  
w aveguide 2 in to  w aveguide 1. T h e  choice o f device le n g th : K L = t / 2  leads to  the 
s itua tion  w here to ta l transfe r o f pow er betw een  waveguides is possible. A  m ore  
g enera l fo rm  of equation  (6 .2) [Soref e t al '88] shows th a t fo r a device o f length  
K L =  tt (ie  w hen A|3= 0 th en  the  pow er along th e  length  of th e  device couples from  
w aveguide 1 to  2 and  back to 1) the best sw itching th a t can  be ach ieved  in the 
device is 50%. T h e  devices considered  h ere  w ere th e re fo re  o f length  K L =  t t /2 .
C hanging  the effective index o f one  of the  waveguides can  be ach ieved  e ith e r 
by using the  in tensity  dependen t refrac tive  index o f the  M Q W  w aveguiding m ateria l 
[ Je n se n  '82 , J in  e t al '88] o r by using the  e le c t ro -o p t ic  effect [T akeuch i e t al 
'86 , Z ucker e t al '89]. In  th e  la tte r, th e  device is re fe red  to  as an  e lec tro —optic
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d ire c tio n a l coupling  switch (E O D C S ), and  the  en h an ced  e lec tro—optic effect 
exhib ited  by M Q W  G aA s/A lG aA s a t w avelengths close to the  absorp tion  edge 
ind icates th a t sw itching should be achievable a t low voltages and  for sh o rte r device 
lengths. In the  devices being studied h e re , the A/3 is achieved th rough  the 
e lec tro — op tic  effec t in the  M Q W  waveguide. A ssociated w ith the  requ ired  An, th ere  
is how ever a large Act experienced  in the  w aveguide th rough  the Q C S E , as 
d em o n stra ted  in ch ap ters  4. Analysis o f the  d irec tional coupling switch [Soref e t al 
'88] w hich includes bo th  the  Act and  An term s in the  device m odel shows th a t the  
a tten u a tio n  o f the  signal is m inim ised by apply ing  an  electric  field across the  
w aveguide 2. T h e  devices designed and  fab rica ted  th e re fo re  had the  electric  field 
app lied  to  w aveguide 2.
Section 6.2.2 Design of Electro—optic Directional Coupling Switch.
T o  design the  E O D C S , a passive d irec tiona l coupling  device first had  to  be 
designed. T h e  w aveguide structu re  also had  to  have good e lec tro— optic  p rop erties  
and  so a p lan a r M Q W  G aA s/A lG aA s w aveguide stru c tu re  identical to MV348 was 
used since this had  been  shown to  exhib it good e lec tro — optic  p roperties . T h e  full 
design o f th e  w afer and  the  characterisa tion  o f the  grow n w afer A163 is given in 
ch a p te r  3. A  m odification  to  the M Q W  p lan ar w aveguide design M V348 was 
in co rp o ra ted  in the  w afer A163. T he  th ickness o f the  i— doped  layer was increased  
to  bring  th e  i—doping  0 .3 /u n  in to  the  to p  A lG aA s cladding layer o f the  p lan ar 
w aveguide as show n in figure 3.5 in an  a tte m p t to  isolate electrically  the  ad jacen t 
s trip e  w aveguides o f the  device.
T h e  passive d irec tional coupler was th en  designed on  the  basis o f using stripe  
w aveguides 3 /un  in w idth separa ted  by 3 /un  and  optim ising the  e tch  dep th  o f the  
stripes to  m axim ise the  coupling coeffic ien t K o f the  device. T he  m odified effective 
index m eth o d  (M EIM ) was used to  m odel the  devices, and  an  e tch  dep th  of 1 .7 /un  
fo r th e  stripe  waveguides (leaving an  o u te r slab th ickness of 1 .3 /an ) was calculated  
to give a m axim um  coupling coefficien t and  a coupling  length  o f 2 .3m m . T his 
re la tively  long coupling length  was due to  th e  a 3 /un  separa tio n  of the  waveguides, 
a p a ra m e te r chosen  to  ease the fab rication . R educing th e  separa tio n  to  1 /un would 
have red u ced  th e  coupling length.
T h e  m ask fo r defining the devices consisted of sets o f five devices with 
d iffe ren t in te rac tio n  lengths. T he input end  of w aveguide 1 o f the  devices ex tended  
to  th e  edge o f th e  sam ples. H ow ever, w aveguide 2 o f th e  individual devices was 
th en  staggered  by in tervals o f 0 .25m m  from  the  edge of the  sam ple, giving
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d ifferen t in te rac tio n  lengths of the five devices on  the  sam ple , ex tending  over a 
range of 1m m .
Section  6 .3  D E V IC E  F A B R IC A T IO N  A N D  IN IT IA L  T E S T IN G .
T h e  w afer A163 was grow n by M BE in the  D ep a rtm en t o f E lectron ics and 
E lec trical E ng ineering , Glasgow for the  purpose o f fabricating  e le c tro -  optic 
d irec tional coupling  sw itches (E O D C S) in an  M Q W  stru c tu re . T h e  characterisa tion  
of th e  grow n s tru c tu re , described  in C h ap te r 3, show ed the  w afer to  con ta in  a 
p lan a r M Q W  w aveguide and  a p—i—n diode. Tw o types o f w aveguide sam ples 
w ere th e re fo re  p re p a re d : one  contain ing  stripe  w aveguides sim ilar to  those used for 
e lec tro —optic  m easu rem en ts and  an o th e r contain ing  d irec tional coup ler devices. T he 
stripe  w aveguides w ere fab rica ted  to  enable  th e  e lec tro—optic  e ffec t in th e  m ateria l 
to  be ch a rac terised  befo re  the  d irectional coupling sw itches w ere studied . All 
w aveguide devices w ere fab rica ted  with the  d irec tion  o f p ropagation  along the
crystalographic  d irec tio n  [lTO], since this yielded the  m axim um  change in refractive 
index th ro u g h  th e  e lec tro —optic  effect (C h ap te r 5).
T h e  design o f th e  passive d irectional couplers show ed th a t the  e tch  dep th  of 
the  devices was critical in optim ising the in te rac tion  length . T h e  th ickness o f the 
cladding layer in th e  grow n structu re  was d e te rm ined  d irectly  by im aging the 
ep itax ial layers in  a scanning  e lec tron  m icroscope (SE M ). A  freshly  cleaved edge of 
a A163 sam ple was sta ined  by im m ersing it in 25%  am m onia solu tion : deionised 
w ater (5:95 by volum e) fo r 8 seconds, rinsing in deionised w ater and  blow  drying 
in d ry  n itrogen  im m ediately  before  m ounting  the  sam ple in the  SEM . T his 
tre a tm e n t e tches slightly th e  G aA s with respect to  th e  A lG aA s layers and  w hen
viewed in  th e  SEM  show ed quite clearly  the  ep itax ial layers (figure 6 .1 ). T he
thicknesses o f th e  cladding layer and  the  M Q W  region  could th en  be m easured 
(figure 6 .1 (a )). M easurem ents from  the m icrographs coupled  with the known well
and  b a rrie r  th ickness calcu lated  from  grow th conditions [S tanley '89] ind ica ted  th a t 
the  c ladding layer th ickness was 1 .5 /un  ra th e r th an  the  2 /un  in the  orig inal design. 
T h e  m ore  deta iled  view of the  M Q W  region of figure 6 .1 (b ) clearly  shows the 
individal wells ind icating  an  average well and  b a rrie r w idth of 7 .2nm . This 
m easu rem en t, coupled  with the  know n w ell/barrier w idths o f 7 .5nm  from  
pho to lum inescence  m easu rem en ts, was used to  estim ate the  tilt o f the sam ple in the 
SEM , allow ing a co rrec tio n  to  the  m easurem ent o f the  cladding w idth.
T h e  fab rica tion  o f the  E O D C S devices involved the  sam e processing steps as
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(a)
Waveguide
cladding.
MQW  region.
_ \
(b)
Quantum wells
Figure 6.1
SEM micrographs showing the epitaxial layers of grown 
wafer A 163.
(a) Upper cladding layer, measured to be 1.7 pm  thick with 
the MQW layer visible beneath.
(b) MQW layers giving an average well/barrier width of 7.1nm.
the  fabrica tion  of the  stripe  waveguide devices as described in C h ap te r  3. O nce the 
stripe waveguides had  been  e tch ed , th e  e lectrical characteristics of th e  devices w e re  
tested  to  ensure th a t a reverse  bias voltage could be applied  to  th e  device with 
low leakage cu rren t. W aveguide and  d irectional coupling devices w ith reverse  break  
dow n voltages of 42V and dark  cu rren ts  o f 50nA  w ere successfully fab ricated .
H ow ever, a second req u irem en t on the  d irectional coup ler devices was th a t a large 
e lec tric  field app lied  to  one w aveguide of the  device m ust n o t be experienced  by
the  ad jacen t w aveguide. T his was no t satisfied by the  devices fab rica ted , and  so a
m ethod  of isolating ad jacen t waveguides was requ ired . Passivation o f III— V
sem iconductors by exposure to  a hydrogen plasm a has been  stud ied  in term s o f dry  
e tch  dam age [D au trem o n t—Sm ith  e t al '86]. T o  take advantage o f th is passivation, 
th e  sam ples w ere e lectrically  isolated by exposing them  to  a hydrogen  plasm a in an  
E lec tro tek  340 plasm a e tch e r under the  following conditions: H ydrogen  gas flow  25 
seem , p ressure lO m T o rr, R .F . pow er 100 w atts, D .C . self bias 825 volts, tim e 15 
m inu tes.
F igure 6 .2 (a) shows the  configuration  used fo r m easuring th e  e lec trical isolation 
of a d jacen t waveguides o f an  E O D C S. T he  voltage betw een w aveguide 1 and  the 
substra te  was m on ito red , w hilst the  voltage betw een w aveguide 2 and  th e  substrate  
was sw ept from  —10 volts to  2 volts. C arrying ou t th e  m easu rem en ts on  a 
fab rica ted  device before  being exposed to  the  hydrogen plasm a, th e  voltage applied  
to  w aveguide 2 was m easured  a t w aveguide 1, indicating  th a t th e re  is no  isolation 
betw een  the  waveguides. A fter exposure  to  the  plasm a, th e  voltage m easured  a t 
w aveguide 2 was reduced , giving approx im ate ly  2 volts a t w aveguide 1 fo r an  
app lied  voltage of 10 volts to  w aveguide 2, thus showing the a d jacen t waveguides 
had  been  isolated. A n SEM  m icrograph  o f a com pleted  device is show n in figure 
6 .3 .
T h e  ad jacen t waveguides of the  E O D C S, having been  show n to  be effectively 
isolated by exposure to a hydrogen plasm a, had then  to be show n to op era te  as 
passive d irec tional coupling devices. T he  sam ples fab rica ted  co n ta ined  d irectional 
co u p ler devices w ith d iffe ren t in te rac tion  lengths, thus allow ing th e  passive coupling 
of devices one sam ple to  be studied w ithout having to  sequentially  cleave. T o  
m easure th e  coupling efficiency a t various in terac tion  lengths, light from  a Styryl— 9 
dye laser opera ting  a t a fixed w avelength of 870nm  and  chopped  a t 1kH z was end 
fired  in to  th e  waveguide 1 of a device. T he  light coupled  in to  th e  ad jacen t 
w aveguide was focused on to  a Si d e tec to r and  m easured using a lo c k -  in  am plifier. 
T his was carried  ou t fo r the  devices o f d iffe ren t in te rac tion  lengths w hich had  been 
e tched  to  a dep th  o f 1 pm  and  the m easured coupled pow er against in terac tion
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(a)
W aveguide 1 of coupler
Waveguide 2 o f coupler
Vs = Voltage applied to waveguide 1 
Vm= Voltage measured at waveguide 2
(b)
1 . 400 
/d i v
-9 . BOOfJ__
-9.800 2. 800
1.400/d iv
Figure 6.2
(a) Probe arrangement for measuring the electrical isolation o f  
adjacent waveguides o f an electro-optic directional coupling 
switch.
(b) Plot showing the voltage measured across waveguide 2 as
a voltage was applied to waveguide 1 in a device after exposure 
to a hydrogen plasma.
leng th  a re  show n in figure 6 .4 . A  coupling length  fo r com plete  transfe r from  
w aveguide 1 to  w aveguide 2 was calculated  to be 3 .4m m  for these devices.
T h e  devices fab rica ted  had the re fo re  been  d em onstra ted  to be passive 
d irec tional coup lers w ith a coupling length  of 3 .4m m . T h e  ad jacen t waveguides of a 
device had  also been  successfully electrically  iso lated , and  so th e  device opera tio n  
as an  E O D C S  was investigated.
Section 6.4 CHARACTERISATION OF DIRECTIONAL COUPLING SWITCHES.
T h e  advan tages of using M Q W  m ateria l fo r e lec tro — op tic  sw itching lies in  the 
e n h an cem en t o f th e  e lec tro— optic effect th rough  e lec tro — refrac tio n , as studied in 
c h a p te r  5 . T h e  en h an cem en t of the  effect in th e  w aveguides fab rica ted  in w afer
A163 first had  to  be verified and characterised  before  th e  E O D C S devices w ere 
investigated . T h e  e lec tro —optic effect in A163 stripe  w aveguides was m easured  a t a 
series o f w avelengths app roach ing  the e l — h h l exciton  peak  using the system  
described  in c h a p te r  5. T h e  m easured change in refrac tive  index as a function  of 
reverse  bias voltage to  the  waveguide is show n in figure 6 .5  a t w avelengths ranging 
from  880nm  to  850nm . T h e  m easurem ents show  the  highly w avelength d ep en d en t
and  n o n  lin ear increase in refractive index of th e  w aveguides with app lied  voltage
as seen  in  M V348 stripe  waveguides (C h ap te r 5). T h e  enh an ced  e lec tro—optic
effec t ex h ib ited  in  th e  M Q W  waveguides th e re fo re  indicates th a t the  E O D C S should 
sw itch a t low  voltages.
Section 6.4.1 Demonstration of the Electro— Optic Directional Coupling Switch.
T o  d em o n stra te  th e  e lec tro— optic  sw itching in th e  d irec tion  coupling devices, 
light from  th e  Styryl—9 dye laser, chopped  a t 1kH z, was endfired  in to  the
w aveguide 1 o f a device which had an  in te rac tion  length  close to the  m easured
coupling  leng th . T h e  light transm itted  via w aveguide 2 was focused on to  a Si
d e tec to r , th e  signal inpu t to  a lock— in am plifer and  the  o u tp u t from  the  lock— in 
am p lifie r m o n ito red  a t the  analogue to  digital co n v erte r (A /D  C) of an  IBM — PC. 
T o  m inim ise th e  de tec tion  of light from  th e  w aveguide 1, a vertical slit was placed 
in  f ro n t o f th e  Si d e tec to r. D uring the m easu rem en ts, the  device ou tp u t was also
focused o n to  an  I.R . cam era and  observed on  a m on ito r.
V oltages w ere app lied  to  the  waveguides 1 and  2 from  th e  digital to  analogue 
co n v erte r (D /A  C) of an  IBM — PC via probes. T h e  voltage to  the  w aveguide 2 was
95
;Figure 6.3
SEM micrograph of a directional coupling switch, showing the 
waveguides of nominal width of 3 |im  separated by 3jim . The 
micrograph shows an electrical contact pad attached to 
waveguide 2 on the right.
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Figure 6.4
Passive coupler fabricated on wafer A 163. Waveguide 
width and separation was 3pm, and etch depth o f stripes 
was 1p.m.
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held  a t ze ro  volts, whilst the voltage to the  waveguide 1 and  device substra te  had  
a variab le  positive voltage V app lied . In  this way, th e  w aveguide 1 w hich was
e lec trically  isolated  from  w aveguide 2 was no t reverse b iased, whilst a variable 
reverse  bias voltage V was applied  to  the  w aveguide 2. T h e  configuration  o f probes 
ad o p ted  overcame the  p roblem  th a t the D/A C could only apply  positive voltages.
T h e  light transm itted  th rough  the  device was observed using the  I.R . cam era , 
an d  th e  in tensity  o f light transm itted  th rough  th e  waveguide 2 was m easured  a t the  
lock— in am plifie r whilst the  voltage V was sw ept from  zero  to  10 volts. T h e  im age 
o n  th e  m o n ito r show ed th e  in tensity  o f th e  light from  waveguide 2 decreasing  as a 
voltage was app lied  and  th e  o u tp u t pow er was tran sfe red  to  the  w aveguide 1. T o
m easu re  th e  in tensity  o u tp u t from  w aveguide 1 o f th e  device, the  o u tp u t beam  was
th e n  d iverted  so th a t light tran sm itted  th ro u g h  th e  waveguide 1 was focused on to  
th e  d e tec to r. T h e  m easurem ents w ere th e n  rep ea ted , m onitoring  th e  in tensity  of 
ligh t fro m  w aveguide 1 as the  voltage V was sw ept from  zero  to  10 volts. T h e  
device p e rfo rm an ce  was studied  by carry ing  ou t th e  m easurem ents a t w avelengths 
rang ing  fro m  880nm  to  860nm .
Section 6.4.2 Results and Discussion.
T h e  sw itching characteristics was m easured  from  a device e tched  to  a  d ep th  of 
1 .1 /un w ith th e  tw o w aveguides successfully isolated  and  with an  in te rac tio n  length  
o f 2 .9 m m . T h e  ou tp u t in tensity  from  w aveguides 1 and  2 was m easured  as
described  in  section  6.4.1 a t an  o p era tin g  w avelength  o f 870nm . P ho tog raphs o f the
device o u tp u t, taken  d irectly  from  th e  m o n ito r sc reen , a t th ree  app lied  voltages are  
show n in figure 6 .6 . F o r this particu la r device, th e  in te rac tio n  length  was less th an  
th a t req u ired  fo r the  passive d irec tional coup ler to  o b ta in  com plete  tran sfe r o f the
guided m ode from  w aveguide 1 to  w aveguide 2. A  w eak o u tp u t from  w aveguide 1
is th e re fo re  visible in figure 6 .6(a) fo r zero  volts is applied  to  w aveguide 2.
As a  voltage was app lied  to  w aveguide 2, the  sw itching o f the  light from
w aveguide 2 to  w aveguide 1 is clearly  visible in th e  pho tographs (figure  6 .6) and
th e  gu ided  m odes o f the  two waveguides a re  well resolved. A t zero  volts the
device o u tp u t is dom inated  by w aveguide 2 on  the  righ t, by 4 .2  volts th e  device 
o u tp u t is sh ared  equally by waveguides 1 and  2 and  for an  app lied  voltage of 10 
volts, th e  device o u tp u t is com pletely  from  w aveguide 1 on  the  left. T h e  switch
o p e ra tio n  is also rep resen ted  in figure 6 .7 , w ith the ou tp u t in tensities o f waveguides 
1 an d  2 m easured  using the  lock— in am plifier p lo tted  as a function  o f voltage 
app lied  across w aveguide 2. Also p lo tted  is th e  sum  of th e  ou tpu ts 1 and  2 to
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(a)
Output from 
waveguide 1
Output from 
waveguide 2I I
(b)
(c)
Figure 6.6
Photographs taken from the monitor screen of an IR camera showing the 
output from an operating directional coupling switch device of interaction 
length 1.9mm.
(a) Zero bias voltage across waveguide 2, with most of light coupled into 
waveguide 2.
(b) 4.2 reverse bias voltage across waveguide 2, leading to equal output 
intensities from waveguides 1 and 2.
(c) 10 volt reverse bias voltage across waveguide 2, leading to all output 
intensity from waveguide 1.
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show  th a t the  loss of signal th rough e lec tro— abso rp tion  in the  waveguides is 
negligible. T h e  sw itching of the  device ou tp u t from  w aveguide 2 to  1 as the  
voltage is app lied  is seen  with the  com plete tran sfe r a t 8 volts giving a switching 
ra tio  of 30dB , a respectab le  device characteristic .
B ecause the  in te rac tio n  length  of the  device tested  was n o t op tim ised , a device
w ith an  in te rac tio n  length  o f 3 .4m m , slightly longer th a n  th e  op tim um  coupling
length  of th e  passive device was studied. U nfo rtunate ly , th e  m ode quality  in this 
device was p o o re r th an  th e  previous device and  so th a t even  a t th e  optim um
coupling  len g th , a coupling efficiency of only 95%  was ach ieved . T h e  switching 
charac teristics o f th e  device w ere m easured a t a nu m b er o f w avelengths app roach ing  
th e  M Q W  abso rp tion  edge and  the  m easured characteristics a t w avelengths 880nm , 
870nm  an d  860nm  a re  rep resen ted  in figure 6 .8 . T hese  p lo ts show  the  ou tpu t 
in tensity  o f w aveguides 1 and  2 of th e  device and  th e  sum  o f th e  tw o ou tpu ts as a 
function  o f reverse  bias voltage. Because the  in te rac tion  leng th  of th e  w aveguide is 
slightly longer th an  th e  coupling length  of the  device, th e  low  voltage (V  < 1  volt) 
sw itch charac teristics show  an  initial transfer o f the  o u tp u t signal to  w aveguide 2 
before  th e  signal transfers to  w aveguide 1.
T h e  in teresting  fea tu re  o f the  device is the  reduc tion  in voltage requ ired  to 
o b ta in  sw itching fo r opera ting  w avelengths w hich give th e  largest An. A t a
w avelength  o f 885nm , th e  sw itching is no t com plete  a t 10 volts whereas a t 860nm
a voltage o f 3 .5  volts gives com plete  sw itching. T h e  vo ltages requ ired  fo r the  
d iffe ren t w avelengths a re  consistent with the  e lec tro— op tic  m easu rem en ts m ade on 
stripe  w aveguides. Tw o voltage reference  points w ere used to  verify  th is: first, the 
voltage change requ ired  to  switch from  m axim um  signal in w aveguide 2 to  a 50%  
a signal sp lit and  second , the  voltage required  to  sw itch from  m axim um  signal in 
w aveguide 2 to  m axim um  transfer of signal to  w aveguide 1. T hese  voltages are  
rep re sen ted  in figure 6 .5  and  show  th a t index changes o f 0 .2x10“  3 and
0.75x10“  ^ w ere requ ired  at all the  w avelengths tested  to ob tain  a 50%  signal split
and  m axim um  sw itching respectively. R efering to  equation  6 .2 , recall th a t to  ob tain  
100%  sw itching in  th e  E O D C S the  condition  of A j3L=./3.ir is requ ired . F o r a 
device o f leng th  3 .4 m m , this corresponds to  an  index change in th e  w aveguide of 
An= 0 .22x10“  3. T h e  d iscrepancy  betw een the requ ired  An and  ca lcu lated  An could 
be exp la ined  in term s of the  waveguides in a device no t being com pletely  isolated, 
so th a t a sm all index change is experienced  in w aveguide 1, thus reducing  the 
effective A(3. A lternatively , it could be because the device does no t fulfill the 
c rite rio n  K L =  ir/2 nescesary  for equation  6.2 to  be valid. A t th e  sho rt w avelengths 
coupling  back  in to  waveguide 2 was observed. T his behav iour is p red ic ted  by
97
oT 3
CTI
cn
>
— cj-  O
•— ■'t 5
H.cn • —
Q r- UT -£ *p  -JO <u
i:  c  uU U £  <u —  —
<u
w 'a  ■£
C/3 CJ C  
— C  U e<3 c  
S D -C  O  C4—i cd c  ‘ r~!
J . S - g "  & 
a -g > .■§ S
£  o  =  ^  eo r i  l l  ■— c/3 1
^  q .J=  J=  o
.  op S h  S i bc/s c  a  Zr o  
■C ~  C/3 £  5  j a
a  § * - 5  ”  1 3  «
<-> o  00 >  o
“ | h  g-S
I S S - a l
s  “ 8 1
CJ
CO
. a
CJ
<u
CJ
5P « c  E  Q '-5
•S 3CJ _?-» m  c  -q — 5  u
? 3  - D  I - .
<u
£oCu
3Q,
3
O
<U•£j
u
03
T3
<U
O
C
C/3
8
T3
<Uu
’><u
T3
indinQ pasiXEiujoN
indmo pasTjeiiJjoN
inawo P3STTEUJJ0N
V
ol
ta
ge
 
(V
)
equation 6.2 and was shown in the modelling of the device by [Soref e t al ’88].
W hilst large e lec tro— absorp tion  was observed in the  stripe  w aveguides, th e  loss 
in signal from  th e  E O D C S devices was negligible, even w ith 10 volts app lied  to  
th e  device and  a t an  opera ting  w avelength o f 860nm . T hus, advantage has been  
tak en  o f th e  enhanced  elec tro— optic  e ffec t in  th e  devices, w hilst no t suffering  from  
th e  p ro b lem  of large e lec tro— absorp tion . C om paring  the  device charac teristics to 
th e  m odu la tion  experienced  in  e lec tro —absorp tion  m odulators in m ateria l M V348, 
th e  advan tages in  using E O D C S m odula to rs becom es ap p aren t.
Section 6.5 CONCLUSION.
T h e  o p e ra tio n  o f an  e lec tro—optic  d irec tional coupling sw itch w hich utilises the  
s trong  e lec tro — refrac tion  in M Q W  G aA s/A lG aA s has been  successfully 
d em o n stra ted . T h e  device o pera tes a t low  voltages an d , because o f th e  large An 
ex p erien ced  by th e  m ateria l, shows p o ten tia l fo r sh o rte r device lengths. Sw itching 
charac teristics show  an  extinction  ra tio  o f 30dB in the  device and  th e  configuration  
o f th e  device allows the  large e lec tro — re frac tio n  in th e  M Q W  m ateria l to  be 
ex p lo ited , w ithout the  d isadvantages o f th e  associated e lec tro— abso rp tion . F u rth e r 
o p tim isa tion  o f th e  device design such as decreasing  th e  waveguide sep ara tio n  w ould 
reduce  th e  device length  m aking it a m ore  p rac tica l device.
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C hapter 7 CONCLUSIONS.
T his thesis began with an  over— view o f th e  op tical and  e lec tro— optic
p ro p ertie s  o f m ultip le  quantum  well m ateria ls, concen tra ting  on  the G aA s/A lG aA s
system . T h e  dom inance  of the 2 dim ensional density  o f sta tes and  excitonic fea tu res 
on  th e  ab so rp tio n  edge have fa r reaching  effects on  th e  e lec tro — optic  effects o f 
th e  m a te ria l w hen the  electric  field is app lied  p erp en d icu la r to  the  p lane  o f the
wells. T h e  exciton  resonances rem ain  resolved in th e  absorp tion  spectrum  o f the  
m a te ria l fo r e lec tric  field strengths up to  fifty tim es th e  classical ionisation  field
an d  th e  reso n an ce  energ ies sh ift to low er energ ies by as m uch  as five tim es the
b inding  en erg y  in  an  e ffec t te rm ed  the  quan tum  confined  S tark  effect (Q C S E ). It is 
th e  associated  change in absorp tion  and refractive index o f th e  m ateria l and  device 
app lica tions th a t have been  studied, and  this has been  carried  ou t w ith th e  light
p ro p ag a tin g  th ro u g h  the  m ateria l in a stripe  w aveguide embedded in a  p in  d iode to  
allow  large e lec tric  fields to  be applied  to  th e  quan tum  wells. T h ree  w aveguide 
s tru c tu res  w ere grow n and  characterised , two conta in ing  25 quan tum  wells and  a 
th ird  con ta in in g  7 quan tum  wells.
In itia l p h o to cu rren t m easurem ents w ith light p ropagating  norm al to  the
q u an tu m  well layers w ere carried  ou t on  two o f th e  w aveguide s tructu res grow n 
verifing th a t th e  m ateria l exhibited  the  Q C S E . In bo th  w afers, the  e l —h h l and
e l — lh l exciton  resonances shift quadratically  w ith electric  field  streng th , consisten t 
w ith ca lcu la tions o f a finite po ten tia l well in an  e lectric  field , and  rem ain  resolved 
in  e lec tric  field  streng ths upto  l x l 0 5V /cm . F u r th e rm o re ,  exciton  resonances w hich 
a re  fo rb id d en  in the  absence of an  e lectric  field w ere seen to  begin to  dom inate  
th e  ab so rp tio n  spectrum  in the p resence o f an  e lectric  field.
H aving  estab lished  the presence of the  Q C S E , a study of the  w avelength 
d ep en d an ce  o f th e  e lec tro — absorp tion  in the  m ateria l in a waveguide configuration  
d em o n stra ted  a rap id  increase in absorp tion  change (Aa) at w avelengths approach ing  
th e  exciton ic  abso rp tion  edge. T h e  absorp tion  changes a re  qualitatively re la ted  to 
p h o to c u rre n t m easurem ents and  measurements of th e  e le c tro -  absorp tion  a t 
w avelengths a few  nm  below  the e l —h h l exciton  resonance  show  peaks in  Aa as 
th e  re so n an t w avelengths o f the e l - h h l  and  e l - l h l  exciton  pass th rough  the 
m easuring  w avelength. T his decrease in absorp tion  with increasing voltage is
ch a rac teris tic  o f th e  situation  required  fo r th e  o p e ra tio n  o f S E E D  devices. If a
w aveguide stru c tu re  was optim ised such th a t th e  exciton  resonances observed in the
e lec tro — ab so rp tio n  m easurem ents a re  sh arp , it should be possible to  get SE E D
devices o p era tin g  in a waveguide structu re . W ith  the  increased  in te rac tion  length  of
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the  w aveguide com pared  to  p resen t SE E D  devices w hich have light propagating  
no rm al to  th e  quan tum  well layers, it m ay be possible to  im prove th e  m odulation  
d ep th  o f th e  devices.
T h e  en h an ced  e lec tro — refrac tion  w hich is associated  w ith the  large shifts in 
th e  abso rp tion  edge of M Q W  m ateria l was studied  in an  investigation o f the 
w avelength d ep en d an ce  of the  e lec tro— optic effect a t w avelengths app roach ing  the 
exciton ic  abso rp tion  edge fo r bo th  T E  and  T M  po larisa tion . It was show n th a t a 
linear e lec tro — op tic  (L E O ) effect in M Q W  G aA s/A lG aA s m ateria l is very sim ilar to 
th e  effec t observed  in  bulk G aA s, whilst a quadra tic  e lec tro — op tic  (Q E O ) e ffec t in 
M Q W  G aA s/A lG aA s is g reatly  enhanced  and  is highly w avelength  d ep en d an t. T he  
L E O  e ffec t w ith T E  po larisation  results in a positive An fo r p rop ag a tio n  along the 
c ry s ta llo g ra p h ic  d irec tion  [1T0] and  negative fo r p ropaga tion  along [110], th e  L EO  
coeffic ien t does n o t show  any  strong w avelength d ep en d an ce  (r"63=  —1.75 
xlO”  1 2m /V  fo r th e  w avelengths considered) and  th e  e ffec t is absen t fo r TM  
po larisa tion . W ith  th e  Q E O  effec t, which results from  th e  e lec tro — re frac tio n  in  the 
m a te ria l, a large An is experienced  for bo th  T E  and  T M  polarisations in  the 
w aveguide an d  th e  m agnitude o f the  Q E O  coefficients increase d ram atically  for 
p h o to n  energ ies app ro ach in g  th e  m ateria l band  gap. T h e  resu lts show  2 o rders of 
m agn itude  increase  in  th e  Q E O  coefficien t s 33 over th e  p h o to n  energy  range of 
30m eV  to  lOOmeV below  the  lowest energy  exciton . T h e  changes in refractive 
index ex p erien ced  below  th e  band  gap a re  dom inated  by p resence  of th e  lowest 
energy  exciton  resonance . T his results in equal values o f s 33 fo r T E  and  TM  
po larisa tions fo r p h o to n  energ ies below  the  band  gap.
T h e  en h an ced  e lec tro — absorp tion  and  e lec tro— op tic  effects in M Q W  
G aA s/A lG aA s have d irec t applications in in teg ra ted  op tic  devices such as absorp tion  
m odulato rs (u tilising e lec tro —absorp tion  e ffec t), phase  m oula to rs (utilising 
e lec tro — op tic  effect) and  in tensity  m odulators (utilising e ith e r  e lec tro — absorp tion  or 
e lec tro —optic  effects), all o f which have applications in fib re  optic com m unications 
and  in teg ra ted  op tics. A  full understanding  of the  effects is th e re fo re  necessary  for 
the  op tim isa tion  o f devices and  in the  results rep o rted  h e re , a com prehensive study 
o f th e  w avelength d ep en d en ce  o f the  effects has been  given.
In tensity  m odula tion  devices which rely on the m odulation  of refractive index 
include M a c h -  Z e h n d e r in te rfe rom eters and  d irec tional coupling sw itches in 
w aveguide configura tion  and  F a b r y - P e r o t  devices in a p lan a r struc tu re . T he 
en h an ced  o p e ra tio n  o f an  e lec tro— optic d irec tional coupling  sw itch in M Q W  
G aA s/A lG aA s w aveguides has been  dem onstra ted  by utilising th e  e le c tro - re f ra c tio n
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in th e  m ateria l. T h e  device has no t been  optim ised to  give a sho rt device length  
o r low  opera tin g  voltages and  so fu rth e r w ork to ob ta in  a device w hich is p ractical 
fo r in teg ra ted  optics and  com m unication  purposes are  necessary . T h e  devices does, 
how ever, sw itch w ith voltages less th an  4 volts, a lthough th is was in  th e  spectral 
reg ion  o f high absorp tion . T h e  on /o ff ra tio  of each  channe l o f the  d irectional 
coupling  sw itch was dem o n stra ted  to  be as high as 30dB. It is in  such devices the 
full use o f th e  e lec tro— op tic  effects o f M Q W  structu res can  be successfully ulilised 
fo r op tica l com m unication  system s.
T h ro u g h  this w ork th ree  w aveguide m odulators have exam ined : absorp tion  
m odu la to rs, phase m odulators and  e lec tro—optic  d irec tional coup ling  sw itches; the  
o p e ra tio n  o f all these  devices being enhance  by th e  Q C S E . F u rth e r  w ork in  the
op tim isa tion  o f devices w hich utilise these enh an ced  effects includes th e  follow ing:
1 O p tim isa tion  o f th e  E O D C S to  reduce the  length  o f th e  device an d /o r
o p era tin g  voltage.
2 Investigation  to  en h an ce  the  m odulation  dep th  o f SE E D 'S  by using a
w aveguide stru c tu re  since the  m odulation  dep th  of p resen t p lan a r SE E D 'S  o f »5dB
‘S a w eak p o in t o f these devices.
3 D evelopm en t o f F ab ry— P ero t reflection  devices w hich can  be sw itched on /o ff
resonance  using e ith e r th e  enh an ced  e lec tro— absorp tion  o r th e  e lec tro — op tic  effect.
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